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Bond strength is classically characterized into two separate factors; area of the bond and 
specific bond strength. This separation is especially important in pulps that lack strength 
properties, and are specifically used for their optical properties, such as mechanical 
pulps.  In this research the applicability of the Ingmansson and Thode method for 
distinguishing between specific bonded area and specific bond strength in mechanical 
pulps is studied. It is shown that the rigid, non-collapsable, nature of the mechanical pulp 
can be overcome by press drying the sheets until they approach their 50% relative 
humidity moisture content, ultimately producing extended tensile strength to scattering 
coefficient relationships. Mechanical pulps have been assumed to operate in a domain 
where fiber failure can be considered insignificant, and the bonded area to tensile 
strength relationship is linear. In this study it was shown that most commercial pulps 
operate in a significant fiber failure domain. However, it is shown that pure fines and 
fines rich mechanical pulp better follow a linear bonded area to tensile strength 
relationship rather than a non-linear (significant fiber failure) model, suggesting that only 
the fiber fraction undergoes fiber failure and the finer fractions predominantly bond 
failure. The Ingmansson and Thode method relies on the use of scattering coefficient as 
a measure of specific surface area. It is shown that scattering coefficient is an accurate 
estimate of mechanical pulp specific surface area at a constant wavelength of light, 
provided that the wavelength used to measure scattering coefficient is above the 
significant absorption limit. It is shown that the middle and fines fractions bond to a 
lesser degree in a mixed sheet than they do as a homogeneous pure sheet at a constant 
pressing level, indicating that the pressing force is predominantly transferred through the 
fiber fraction. However, the overall deviation from the linear addition model, where the 
mixture scattering coefficient is dictated by the individual components of the sheet is 
small (4.8%). It is also shown that the total unbonded specific surface area (So) follows a 
linear addition model, which consequently results in that the relative bonded area (RBA) 
by definition is intrinsically non-linear as a function of the sheet composition. It is shown 
that the consolidation mechanisms associated with the press drying at elevated 
temperatures and wet pressing at room temperature are significantly different. Wet 
pressing produces a mechanical pulp sheet with higher scattering coefficient at constant 




TABLE OF CONTENTS 
 
Abstract............................................................................................................................3 
List of Figures .................................................................................................................5 
List of Tables.................................................................................................................10 
Introduction ...................................................................................................................11 
Literature review ...........................................................................................................13 
Mechanical pulps and their papermaking potential .....................................................13 
Mechanical pulp development in refining ................................................................14 
Comminution theory ............................................................................................15 
Karnis model .......................................................................................................16 
Delamination ...........................................................................................................17 
Nature of the heterogeneity in mechanical pulps ....................................................19 
Fiber characteristics ............................................................................................19 
Characteristics of fines ........................................................................................21 
Strength theories.....................................................................................................24 
Empirical strength models ...................................................................................26 
Shallhorn-Karnis model and modifications ..........................................................27 
Page Equation.....................................................................................................31 
Fiber failure in the low bonding regime ...............................................................33 
Fiber strength in mechanical pulps..........................................................................36 
Bonding ...................................................................................................................38 
RBA –Relative Bonded Area ...............................................................................39 
Direct methods for estimating RBA .....................................................................39 
Indirect methods for estimating RBA...................................................................40 
The use of scattering coefficient as a measure of specific surface area of paper
............................................................................................................................42 
Mechanical pulp sheet consolidation through wet pressing and press drying.........45 
Problem analysis...........................................................................................................48 
Thesis structure ............................................................................................................51 
Experimental materials and methods .........................................................................54 
Results and discussion................................................................................................67 
Chapter 1: Study of the applicability of the Ingmansson and Thode method using 
press-drying to increase bonding in mechanical pulps ...............................................67 
Chapter 2: Scattering coefficient as a measure of specific surface area in mechanical 
pulps............................................................................................................................94 
Chapter 3: Distribution of load between various fractions in a heterogeneous 
mechanical pulp sheet in wet pressing and press drying..........................................116 
Chapter 4: The Intrinsic Non-linearity of RBA in Heterogeneous Pulps....................149 
Chapter 5: Mechanical pulp sheet consolidation in press drying and wet pressing ..166 




List of References.......................................................................................................222 
Appendix 1: Norway spruce TMP (110 CSF) data ....................................................232 
Appendix 2: Norway spruce TMP (35 CSF) data ......................................................240 
Appendix 3: – Brominated fines study images ........................................................241 
 5
List of Figures 
 
Figure 1. Estimated dry specific surface area (collapsed fiber wall) creation in 
mechanical pulping. Share of cost data from [18], specific surface area estimation 
partially based on [19, 20]................................................................................................. 12 
Figure 2. Interdependence of specific energy consumption, intensity, and wood raw 
material properties. ............................................................................................................ 14 
Figure 3. Schematic illustration of comminution mechanism in refining. ........................... 15 
Figure 4. Two paths of fiber development in mechanical pulping, according to [11]. ...... 16 
 Figure 5. Illustration of the cell wall peeling mechanism in mechanical pulp refining..... 18 
Figure 6. SEM surface (left) and cross-section (right) images of Norway spruce TMP 
R48 fiber fraction handsheets (no pressing).................................................................. 20 
Figure 7. SEM surface (left) and cross-section (right) images of Norway spruce TMP 
P200 fines fraction handsheets. ...................................................................................... 23 
Figure 8. Shallhorn-Karnis model [24] predictions for tensile strength (T) and tear 
resistance (W), at various shear bond strengths (τ), fiber lengths (l), and number of 
fibers in the breaking zone (N). Redrawn based on equations 1,2,6 and 7.............. 30 
Figure 9. Schematic illustration of the difference between Page equation and negligible 
fiber failure models. ........................................................................................................... 34 
Figure 10. Southern pine TMP (110 CSF) cross-section SEM image................................ 40 
Figure 11. Bauer-McNett apparatus ........................................................................................ 55 
Figure 12. Fiber fraction  (>R48) of the Newsprint  grade TMP (110 CSF)....................... 56 
Figure 13. Middle fraction (R200) of the Newsprint grade TMP .......................................... 56 
Figure 14. Fines fraction (P200) of  the Newsprint grade TMP ........................................... 56 
Figure 15. Fines settling ............................................................................................................ 58 
Figure 16. Standard British handsheet mold with recirculation ........................................... 59 
Figure 17. Compiled sandwich used in press drying ............................................................ 60 
Figure 18. Press drying apparatus ........................................................................................... 60 
Figure 19. IPST ultrasonic modulus robot. ............................................................................. 63 
Figure 20. Carbon coated cross-section capsules of brominated fines (P200) and fiber 
(R48) mixed sheet samples.............................................................................................. 66 
Figure 21. Tensile strength and scattering coefficient of Norway spruce TMP (35 CSF) 
pressed at 49 psi and 180 seconds using a range of press platen temperatures. .. 72 
Figure 22. Tensile strength and scattering coefficient of Norway spruce TMP (35 CSF) 
pressed at 49 psi and 180 seconds using a range of press platen temperatures. 
Plotted as a function of the sheet moisture content (gram water/gram of fiber) after 
pressing. .............................................................................................................................. 73 
Figure 23. Tensile strength and scattering coefficient of Norway spruce TMP (35 CSF) 
pressed at 163 psi and 100 °C using variable pressing times. ................................... 74 
Figure 24. Tensile strength and scattering coefficient of Norway spruce TMP (35 CSF) 
pressed at 163 psi and 100 °C using variable pressing times. Plotted as a function 
of sheet moisture content (gram water/ gram fiber) after pressing. ........................... 75 
Figure 25. Scattering coefficient of Norway spruce TMP (35 CSF) pressed at 163 psi 
using variable pressing times and temperatures. Plotted as a function of the sheet 
moisture content (gram water/ gram fiber) after pressing. Pressing time and 
temperature were varied. .................................................................................................. 76 
Figure 26.  Tensile strength of Norway spruce TMP (35 CSF) pressed at 163 psi using 
variable pressing times and temperatures. Plotted as a function of sheet moisture 
content (gram water/ gram fiber) after pressing. Pressing time and temperature 
were varied.......................................................................................................................... 77 
 6
Figure 27. Apparent density of Norway spruce TMP (35 CSF) pressed at 163 psi using 
variable pressing times and temperatures. Plotted as a function of sheet moisture 
content (gram water/ gram fiber) after pressing. Pressing time and temperature 
were varied. ........................................................................................................................ 78 
Figure 28. Tensile strength and scattering coefficient of Norway spruce TMP (35 CSF) 
pressed at 120 °C and 3 min using variable pressing pressures. .............................. 79 
Figure 29. Whole TMP pulp and TMP fractions scattering coefficient as a function press-
drying pressure. Platen temperature 120 °C. ................................................................ 80 
Figure 30. Whole TMP pulp and TMP fractions tensile strength as a function press-
drying pressure. Platen temperature 120 °C. ................................................................ 81 
Figure 31. Tappi standard sheet .............................................................................................. 82 
Figure 32. Tappi standard sheet hot pressed at 130 °C for 3 minutes, 0.8 psi pressure 82 
Figure 33.Tappi standard sheet hot pressed at 130 °C for 3 minutes, 1.6 psi pressure . 83 
Figure 34 .Tappi standard sheet hot pressed at 130 °C for 3 minutes, 8.2 psi pressure 83 
Figure 35.Tappi standard sheet hot pressed at 130 °C for 3 minutes, 32.6 psi pressure83 
Figure 36.Tappi standard sheet hot pressed at 130 °C for 3 minutes, 65.2 psi pressure83 
Figure 37. Tensile strength vs. scattering coefficient of Southern pine TMP (110 CSF) 
press dried (130 °C), wet pressed (23 °C) and freeze dried (-72 °C) to various 
levels of bonding. ............................................................................................................... 85 
Figure 38. Page equation and linear least square fits for unbonded specific surface area 
vs. tensile strength of the Long fiber fraction (R28) ...................................................... 88 
Figure 39. Page equation and linear least square fits for unbonded specific surface area 
vs. tensile strength of the Short fiber fraction (R48) ..................................................... 89 
Figure 40. Page equation and linear least square fits for unbonded specific surface area 
vs. tensile strength of the whole pulp TMP .................................................................... 90 
Figure 41.  Scattering coefficient at various wavelengths of fines (P200), whole pulp 
(TMP) and fiber (R48) sheets wet pressed and press-dried to various levels of 
bonding. ............................................................................................................................. 100 
Figure 42.  Absorption coefficient at various wavelengths of fines (P200), whole pulp 
(TMP) and fiber (R48) sheets wet pressed and press dried to various levels of 
bonding. ............................................................................................................................. 101 
Figure 43.  Scattering coefficient wavelength dependency of fines sheet press dried at 
120ºC and 48.9 psi pressure.......................................................................................... 102 
Figure 44.  Scattering coefficient wavelength dependency linear slope vs. intercept. .. 103 
Figure 45.  Reduction is scattering coefficient as a function of wavelength for various 
mechanical pulp whole pulp, fiber (R48) and fines (P200) sheets pressed to 
different levels of bonding............................................................................................... 104 
Figure 46. Reduction is scattering coefficient as a function of absorption for various 
mechanical pulp whole pulp, fiber (R48) and fines (P200) sheets pressed to 
different levels of bonding. Absorption changed by changing the wavelength. ..... 105 
Figure 47. R2 of the linear relationship between scattering coefficient and mercury 
porosimetry specific surface area as a function of the excluded pore sizes. ......... 106 
Figure 48. Mercury porosimetry specific surface area excluding surface area from pores 
smaller than 284 nm vs. K-M scattering coefficient at various wavelengths of light.
............................................................................................................................................ 107 
Figure 49. Wavelength dependency of the mercury porosimetry (excluding pores below 
284nm) vs. scattering coefficient slope and intercept ................................................ 108 
Figure 50. BET specific surface area vs. scattering coefficient at various wavelengths of 
light..................................................................................................................................... 109 
Figure 51. Wavelength dependency of the BET nitrogen adsorption – scattering 
coefficient relationship, slope and intercept................................................................. 110 
 7
Figure 52. Wavelength dependency of refractive index for mercury porosimetry and BET 
nitrogen adsorption based results. ................................................................................ 113 
Figure 53. R2 of the linear relationship between BET nitrogen adsorption and mercury 
porosimetry specific surface area as a function of the excluded pore sizes. ......... 114 
Figure 54. Theoretical approach to pressing of heterogeneous structures. The unbonded 
sheet is depicted as the unpressed sheet.................................................................... 118 
Figure 55. Roughside vs. smoothside scattering coefficients of fiber, fines, middle 
fractions, their mixtures, and whole pulp handsheets. ............................................... 120 
Figure 56. BET specific surface area vs. scattering coefficient (572 nm, 15°) of fines 
(P200), fiber (R48) and whole pulp TMP sheets pressed to various levels of 
bonding. ............................................................................................................................. 121 
Figure 57. Scattering coefficient of couched R48 and P200 mixed sheets as function of 
P200 fines content and P200 fines content squared.................................................. 122 
Figure 58. Mixtures used in the study.................................................................................... 123 
Figure 59. Quadratic models of the scattering coefficient as a function of R48 fiber, R200 
middle fraction and P200 fines contents in the sheet................................................. 126 
Figure 60. Scattering coefficient as a function of fines content (P200 added into R48 
fraction) at various pressing levels. ............................................................................... 128 
Figure 61. Absolute difference (measured – linear model) in scattering coefficient at 
various fines contents and pressing levels for the statistically significant cases. .. 129 
Figure 62. Measured scattering coefficient vs. scattering coefficient from the linear 
models for the statistically significant non-linear cases. ............................................ 130 
Figure 63. Scattering coefficient as a function of middle fraction content (R200 added 
into R48 fraction) at various pressing levels. ............................................................... 132 
Figure 64. Absolute difference (measured – linear model) in scattering coefficient at 
various middle fraction contents and pressing levels for the statistically significant 
cases.................................................................................................................................. 133 
Figure 65. Measured scattering coefficient vs. scattering coefficient from the linear 
models for the statistically significant non-linear cases (R48 and R200 mixtures).134 
Figure 66. Scattering coefficient as a function of fines fraction (P200) content (P200 
added into R200 fraction) at various pressing levels.................................................. 136 
Figure 67. Absolute difference (measured – linear model) in scattering coefficient at 
various middle fraction contents and pressing levels for the statistically significant 
cases.................................................................................................................................. 137 
Figure 68. Measured scattering coefficient vs. scattering coefficient from the linear 
models for the statistically significant non-linear cases. ............................................ 138 
Figure 69. Scattering coefficient as a function of fines fraction (P200) content (P200 
added into 50%R48+50%R200 fraction) at various pressing levels. ....................... 140 
Figure 70. Absolute difference (measured – linear model) in scattering coefficient at 
various middle fraction contents and pressing levels for the statistically significant 
cases.................................................................................................................................. 141 
Figure 71. Measured scattering coefficient vs. scattering coefficient based on the linear 
addition model for the statistically significant non-linear cases. ............................... 142 
Figure 72. A suggested mechanism for pressing of mixed mechanical pulp sheets ..... 144 
Figure 73. Measured scattering coefficient vs. estimated scattering coefficient from the 
linear addition rule for various mixtures of fiber, middle and fines fractions (excludes 
pure fraction data) ............................................................................................................ 146 
Figure 74. Measured apparent density vs. estimated apparent density from the linear 
addition rule for various mixtures of fiber, middle and fines fractions (excludes pure 
fraction data) ..................................................................................................................... 147 
 8
Figure 75. Scattering coefficient vs. Tensile index of R48 fiber and P200 fines mixed 
sheets wet pressed and press dried to various levels of bonding ............................ 153 
Figure 76. Total unbonded specific surface area of mixtures of fines (P200), middle 
fraction (R200) and fiber (R48), as a function of fines (P200) or middle fraction 
(R200) content in the sheet. ........................................................................................... 155 
Figure 77. Total optical unbonded specific surface area of mixtures of fines (P200), 
middle fraction (R200) and fiber (R48), quadratic ternary fit. .................................... 157 
Figure 78. Linear addition rule based total unbonded (optical) specific surface vs. 
measured total unbonded (optical) specific surface area for all the mixtures shown 
in Table 14. ....................................................................................................................... 158 
Figure 79. Relative Bonded Area (RBA) as a function of fines (P200) content mixed in 
with fibers (R48) at various wet pressing and press drying pressures (Quadratic fits 
shown). .............................................................................................................................. 161 
Figure 80. Relative Bonded Area (RBA) as a function of middle fraction (R200) content 
mixed in with fibers (R48) (Quadratic fits shown). ...................................................... 162 
Figure 81. Relative Bonded Area as a function of sheet composition (R48, R200 and 
P200 fractions), ternary graph, quadratic fits............................................................... 163 
Figure 82. Scattering coefficient vs. apparent density of whole pulp TMP wet pressed 
and press dried at 120 °C and 140 °C at various pressing pressures..................... 171 
Figure 83. Scattering coefficient vs. tensile strength of whole pulp TMP wet pressed and 
press dried at 120 and 140 °C at various pressing pressures. ................................. 172 
Figure 84. Scattering coefficient vs. apparent density at various wet pressing and press 
drying pressures for mixed fiber (R48) and fines (P200) sheets. ............................. 173 
Figure 85. Difference in scattering coefficient between wet pressed and press dried 
sheets at a constant density (450 kg/m3) as a function of P200 fines content in a 
fiber (R48) fines (P200) mixed sheet. ........................................................................... 174 
Figure 86. Scattering coefficient vs. tensile index at various wet pressing and press 
drying pressures for mixed fiber (R48) and fines (P200) sheets. ............................. 175 
Figure 87. Scattering coefficient vs. tensile strength of News grade Norway spruce TMP 
P200 fines wet pressed at 23 ºC and press dried at 120 ºC using variable pressing 
pressures........................................................................................................................... 177 
Figure 88. SEM surface images of P200 fines dried at 23 °C and 120 °C ...................... 178 
Figure 89. Mercury porosimetry specific surface area (pores larger than 107 nm) vs. 
scattering coefficient of fiber (R48) and fines (P200) handsheet pressed to different 
levels of bonding (wet pressed and press dried) ........................................................ 180 
Figure 90. Mercury porosimetry vs. 1/apparent sheet density of fiber (R48) and fines 
(P200) sheets pressed to different levels of bonding using wet pressing and press 
drying. ................................................................................................................................ 181 
Figure 91. Mercury intrusion pore size distribution of 100% fiber (R48) sheets at various 
pressing levels.................................................................................................................. 182 
Figure 92. Mercury intrusion pore size distribution of 100% fines (P200) sheets at 
various pressing levels.................................................................................................... 183 
Figure 93. Mercury intrusion pore size distribution of 100% fines (P200) sheets wet 
pressed at 489 psi and press dried at 1 psi. ................................................................ 184 
Figure 94. Mercury intrusion pore volume vs. specific surface area of fines (P200) and 
fiber (R48) pressed at various temperatures and pressures. Median pore diameters 
shown in numbers............................................................................................................ 185 
Figure 95. Cross-sectional SEM images of fines wet pressed at 489 psi (below), and 
press dried at 1 psi (top). Sheets have similar densities and total pore volumes. . 186 
Figure 96. Cross-sectional BSE-SEM images of mechanical pulp brominated fines (45% 
P200) and fiber (R48) mixed sheets wet pressed and press dried to a common 
 9
scattering coefficient. (LSC=scattering coefficient, density=apparent sheet density)
............................................................................................................................................ 187 
Figure 97. Pressing pressure vs. caliper of 100% fines (P200) sheet pressed at 23 °C.
............................................................................................................................................ 189 
Figure 98.  Illustration of the proposed mechanism of the redistribution of pores in wet 
pressing of mechanical pulp fines. ................................................................................ 190 
Figure 99. Proposed mechanism explaining differences in pressing fines at temperatures 
below the glass transition of lignin (wet pressing), and above (press drying). 
Compared at a constant void volume and density. All particles in the figure are 
fines.................................................................................................................................... 191 
Figure 100. Moisture contents of mechanical pulp fiber (R48) and fines (P200) mixed 
sheets at various levels of relative humidity. ............................................................... 194 
Figure 101. Shallhorn-Karnis equation based tear index at various tensile index and 
shear bond strength for various fiber lengths .............................................................. 197 
Figure 102. Tear index at various levels of bonding (Tensile index / Zero span tensile 
index) of TMP (110 CSF) wet pressed and press dried to various levels of bonding
............................................................................................................................................ 199 
Figure 103. Tear index vs. Bonding index (T/Z) of Fiber (R48) and Fines (P200) mixed 
sheets. ............................................................................................................................... 200 
Figure 104. Bonding index (T/Z) at maximum tear index for various sheet compositions 
(Qubic fit) ........................................................................................................................... 202 
Figure 105. Tear index at various levels of tensile strength of TMP (110 CSF) wet 
pressed and press dried to various levels of bonding ................................................ 203 
Figure 106. Tear index vs. tensile index of Fiber (R48) and Fines (P200) mixed sheets.
............................................................................................................................................ 204 
Figure 107. Tensile index at maximum tear index for various sheet compositions (Qubic 
fit)........................................................................................................................................ 206 
Figure 108 . Scattering coefficient vs. bonding index (T/Z) for press dried 
100%R48+10%P200, 100%R48 and 90%R48+10%R200 mixed sheets ............... 208 
Figure 109. R2 of the linear (s=aT+b) scattering coefficient to tensile strength relationship 
as a function of the sheet composition. ........................................................................ 209 
Figure 110. Fiber length dependency in the low bond strength region ............................ 210 
Figure 111. Tear index as a function of the product of tensile index and fiber length ... 211 
Figure 112. Tear index as a function of fiber length (weight-weighted) at maximum tear 
index and high bonding domain ..................................................................................... 213 
Figure 113. Tear index as a function of fiber length, tensile strength and zero span 
tensile strength, according to equation 2. .................................................................... 214 
Figure 114. Tear index at various levels of bonding as a function of sheets compositions 
R48, R200 and P200 fractions) Qubic fits. Data based on the quadratic equations in 
Table 20............................................................................................................................. 215 
Figure 115. Tear index at various tensile strengths as a function of sheet composition, 







List of Tables 
 
Table 1. Objectives of the different publications .................................................................... 51 
Table 2. Basic properties of pulps used in the study ............................................................ 54 
Table 3. FQA fiber length and curl of fractions ...................................................................... 55 
Table 4. Cross-sectional properties of the fiber fractions, FQA coarseness and light 
microscopy fiber width and cell wall thickness…………………………..57 
Table 5. Preparation of Spurr resin.......................................................................................... 64 
Table 6. Page equation and linear equation based total unbonded specific surface area 
(So), specific bond strength and R2 of the models. ....................................................... 87 
Table 7. Linear correlation slopes, intercepts, applicable range and R2 values for all 
samples. ............................................................................................................................ 102 
Table 8. Multiple regression analysis of couched fiber (R48) and fines (P200) mixed 
sheets ................................................................................................................................ 123 
Table 9. Ternary approach statistical results for R48 fiber, R200 middle fraction and 
P200 fines sheets at various pressing levels............................................................... 125 
Table 10. Multiple regression results of fiber (R48) and fines (P200) mixed sheets at 
various pressing levels .................................................................................................... 131 
Table 11. Multiple regression results of fiber (R48) and middle fraction (R200) mixed 
sheets at various pressing levels................................................................................... 135 
Table 12. Multiple regression results of middle fraction (R200) and fines (P200) mixed 
sheets at various pressing levels................................................................................... 139 
Table 13. Multiple regression results of 50/50 fiber (R48) +middle fraction (R200) and 
fines (P200) mixed sheets at various pressing levels ................................................ 143 
Table 14. Linear equations for the scattering coefficient - tensile index relationship for 
various mixtures of fiber (R48), middle (R200) and fines fractions(P200) .............. 154 
Table 15. Statistical analysis results of the So as function of first and second order terms
............................................................................................................................................ 156 
Table 16. Mixed sheets t-test of scattering coefficient and tensile strengths for wet 
pressed at 489 psi and press dried 1 psi sheets......................................................... 176 
Table 17. Moisture contents of wet pressed and press dried sheets at 50% RH ........... 193 
Table 18.  Sheet moisture contents of press dried sheets at 68% RH and wet pressed at 
50% RH ............................................................................................................................. 194 
Table 19. Tensile properties of press dried sheets measured at 50% RH and 68% RH195 
Table 20. Coefficients for mechanical pulp mixtures. ......................................................... 201 
Table 21. Second order coefficients for mechanical pulp mixtures. ................................. 205 





Throughout the 20th century there has been a significant research effort to develop 
methods to estimate the Relative Bonded Area in chemical pulp fiber based papers. This 
is due to the belief that stresses in a paper sheet are borne through the bonded areas 
between fibers, and bonds are solely responsible for the internal cohesion in paper.  
 
Bond strength has been classically characterized into two separate factors; area of the 
bond and specific bond strength (total bond strength divided by the bonded area) [1]. For 
practical purposes it is of interest to separate these two factors, since changes in 
bonded areas not only affect the strength properties of paper but are also reflected in the 
optical properties of the sheet, whereas changes in the specific bond strength only affect 
the strength properties of the sheet. Specific bond strength describes the efficiency of 
the bonded area to produce bonding strength. This parameter is especially important in 
pulps that lack strength properties, and are specifically used for their optical properties, 
such as mechanical pulps. Although often left out of the debate over bond strength, 
mechanical pulps represent a significant market segment that would benefit from an 
increase in specific bond strength, and where functional methods used with chemical 
pulps are often ineffective. 
 
Mechanical pulps are extremely heterogeneous in nature, with a particle size distribution 
that varies from the nanometer scale to several millimeters in length [2]. This 
heterogeneity is assigned to be the largest contributing factor to the special 
characteristics of these pulps, where very high scattering properties are obtained 
simultaneously with almost adequate strength properties [3-6]. This indicates that the 
total unbonded specific surface area and the total specific bonded area of the sheet are 
high. If we consider the mechanical pulping process in terms of fiber development, most 
of the energy is spent on creating specific surface area (Figure 1). Subsequently, during 
web formation part of this enormous amount of surface area, bonds and enhances 
strength properties of these pulps. However, at the same time a significant part of 
surface area remains unbonded, leaving the sheet with a high effective specific surface 
area, that contributes to the scattering properties of the sheet [7]. There are numerous 
indications that wood species, process intensity, and process configuration influence the 





Figure 1. Estimated dry specific surface area (collapsed fiber wall) creation in mechanical 




However, due to the lack of methods to quantify the amount of bonded area and total 

















Mechanical pulps and their papermaking potential  
 
Mechanical pulps are used in papermaking for their favorable cost to quality ratio. The 
specific positive quality factors are high opacity, surface smoothness, and good sheet 
formation. The low cost is mainly due to the high yield (95-98%) from wood to pulp. 
However, there are two main limiting factors why mechanical pulps cannot be used as 
the primary raw material for all paper grades. The first one is related to the light 
absorption properties, i.e. lower brightness, and photo yellowing of these pulps, which 
can be partially overcome by sufficient coating of the base sheet. The second and most 
important factor is the limited strength of mechanical pulps. The low strength ultimately 
restricts the use of these pulps in paper grades.  Either a sufficient amount of 
reinforcement fiber or higher basis weight is needed to obtain the necessary sheet 
strength, to ensure the runnability of the web in the paper machine, coating operations, 
and eventually in printing machine [21].  
 
The favorable papermaking properties of mechanical pulps can be assigned to the 
heterogeneous nature of the pulp. Due to the character of the pulping process various 
sizes and shapes of particles are created, which creates a sheet with a smooth surface, 
and a porous structure [22, 23].  The limited strength properties are often related to the 
poor bonding of the sheet, short fiber length, limited fiber strength due to the cell wall 
damage induced during processing, and ultimately the high lignin content of the 
mechanical pulp fibers [7, 19, 21, 24-27].  The poor bonding potential should be 
emphasized, since chemical pulp with the same wet specific surface area would bond so 
well that the sheet would have extremely low opacity and porosity, but tremendously 
high tensile strength. 
 
The papermaking potential of mechanical pulps for various grades is determined by 
several factors, related to the properties of pulp particles and their interactions during 
sheet consolidation [2, 7, 28, 29]. These particle properties and interaction 
characteristics vary significantly depending on the process type, wood raw material and 
the amount of energy applied in the process [3-6, 8-10, 12, 13, 21, 30-38].    
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Mechanical pulp development in refining 
 
The variation in the quality of mechanical pulps is due to a triangle of interrelationships, 
wherein the pulp quality is dependent on the process type, raw material characteristics 
and the amount of energy applied. The process can also be characterized in a broad 
sense as the intensity at which the energy is applied, defined here as specific energy per 
bar impact (refining rotational speed, plate configuration, temperature, pressure). 
However, all the variables are interdependent; specific energy consumption at a 
constant property (such as strength or freeness) depends on the raw material and 
process [7, 8, 10, 13]. Furthermore, different process intensities affect the energy 
consumption as well as fiber separation and development [10, 12, 14, 26, 29, 36, 39]. In 




Figure 2. Interdependence of specific energy consumption, intensity, and wood raw 
material properties. 
 
This triangle of relationships is best understood in the light of the currently used models 
that describe the wood breakdown to various particles, while keeping in mind that 
process intensity and wood species significantly affect the wood breakdown at constant 
energy consumption [40]. Here two of the most significant models are described. 
 
 









In mechanical pulping, the defiberization process and particle size reduction was first 
successfully modeled using a first order comminution model [41, 42]. Comminution 
models assume that the size reduction proceeds through a progressive breakdown 
pathway from chips to fiber, and eventually to broken fiber particles (Figure 3). It has 
been shown that the fiber size reduction follows a first-order kinetic model as a function 
of specific energy [41]. Although effective in describing the particle size reduction 
mechanism, and the effect of wood characteristics on the fiber length reduction [40], the 
comminution model is still a simplified description of the mechanical defiberization 
process. It neglects the contribution from energy that is consumed in fiber wall 
delamination, internal fibrillation and quality development of various fractions. Hence the 
model is limited in describing the produced pulp quality sufficiently beyond the particle 



























Karnis  observed an apparent increase in fines content without any significant change in 
the average fiber length of the fiber fraction [11]. Consequently he proposed two distinct 
different mechanisms for fiber development in mechanical pulping, wherein either the 
shortening of the fibers (traditional comminution) or the peeling of the cell wall dominates 
[11]. The peeling mechanism was then related to fiber fraction coarseness reduction and 
a simultaneous increase in fines content as a function of specific energy consumption. 
Today cell wall peeling is usually associated with properly executed TMP refining, 
whereas fiber shortening is seen as the dominating mechanism in groundwood 
production. However, both mechanisms are believed to occur simultaneously in all 




Figure 4. Two paths of fiber development in mechanical pulping, according to [11]. 
 
 
The delamination of the fiber wall is an important mechanism in the development of 
mechanical pulp properties, affecting the size, shape and chemical characteristics of 



















As mentioned earlier, mechanical pulp refining reduces the coarseness of the fibers 
(R48 or R50 Bauer McNett fraction) by peeling the material of the cell wall [9, 11, 26, 
43], while progressively increasing the fines content [44] and the fines specific sediment 
volume [45]. The development of these properties are all a function of specific energy 
consumption and the latter effect has been shown to correlate with the fibril content of 
the fines [30].  This peeling effect can be extensive, resulting in the delamination of a 
large portion of the cell wall and generation of significant amount of fines from the S1 and 
S2-layer of the cell wall. Due to the varying distribution of lignin, hemicellulose and 
cellulose in the cell wall layers, the peeling effect exposes fragments containing 
progressively higher concentrations of cellulose and hemicellulose. Thus, the bulk lignin 
content of fines decreases as the fibril content (material peeled from the S2-layer) of the 
fines is increased  [30]. This mechanism is illustrated in  Figure 5. 
 
The specific energy consumption and process intensity affect the severity of the peeling, 
as well as fiber cutting. In addition to the process intensity and applied energy, the initial 
wood fiber characteristics affect the pulp fiber characteristics, formation of the fines, as 
well as their quality [9, 10, 13, 21, 26, 44]. The amount of fines created during the 
process is usually assigned to the energy absorption per fiber in the refining. It is 
believed that large fibers (springwood fibers with low cell wall thickness and large 
diameter) experience higher intensities due to the lower number of fibers between refiner 
bars, and are preferentially cut in the process, creating a larger amount of finer particles 
[9, 26]. It has also been shown that summerwood fibers or wood with slower growth rate, 
nominally thicker cell wall, are more prone to unraveling of the cell wall during refining, 
which then creates fines with higher specific sediment volume (fibril content) [10, 26, 46].  
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Nature of the heterogeneity in mechanical pulps 
 
Due to the comminution and delamination character of the mechanical pulping process 
and the variability of the raw material, there is significant diversity in the properties of the 
particles created during the mechanical defiberization of the wood matrix. 
 
The traditional methods for characterizing mechanical pulp particle size distributions 
include various microscopical methods, and sieve size based classification methods, 
including the widely used Bauer-McNett classification method. Microscopy based 
methods traditionally lack the ability of the Bauer-McNett classifier to detect small fines 
particles [47]. In this study the Bauer-McNett classifier is used to characterize the 
heterogeneity of mechanical pulps, due to the limitations regarding optical fines 
detection. The Bauer-McNett classifier has the ability to segregate particles into an 
unlimited number of size classes, although each class represents a distribution of 
particle sizes. However, the traditional simple classification of mechanical pulps includes 
usually four classes: long fibers, short fibers, middle fraction and fines. The so called 
middle fraction in mechanical pulps is a mixture of broken fiber like particles and broken 
cell wall material similar to fines [2]. The middle fraction has special properties and 
significantly contributes to the properties of mechanical pulps, but it is morphologically 
similar to that of a mixture fibers and fines [48]. In addition, (especially the TMP’s with 2-
stage reject refining systems) modern mechanical pulps increasingly have a u-shaped 
Bauer-McNett fraction distribution with significantly lower middle fraction content. Thus, 
throughout this study the emphasis is on the characteristics of mechanical pulp fiber and 




The fibers in mechanical pulps are often characterized as the fraction retained on the 14, 
28 or 48 mesh screens of the Bauer McNett [2]. This classification corresponds to length 
weighted fiber lengths varying from 1.36 mm to 2.9mm depending on the screen used 
[49]. The fiber fraction classified this way normally has a large portion of sound fibers, 
and a significant portion of cut and split fibers. In the whole, the material can be 
 20
characterized as fiber, having fairly intact cell wall structure, and tubular shape (Figure 
6).  
 
The fiber characteristics of mechanical pulps are mainly a reflection of the fiber 
properties of the wood. It has been shown that the pulp fiber length and fiber cross-
sectional characteristics have a significant correlation with the length and cross-sectional 
dimension of fibers in the wood [9, 10, 14, 44].  Due to the mechanical demeanor of the 
process (high yield – 98%), there is no significant alteration of the chemical character of 
the fiber from wood to pulp with respect to material properties. The high lignin content in 
the fiber cell wall results in a rigid and uncollapsible fiber fraction when the sheet is 
formed at normal temperatures (below the glass transition temperature of lignin) [50]. 
This rigidity results in a sheet structure that is very porous with low density and low 




Figure 6. SEM surface (left) and cross-section (right) images of Norway spruce TMP R48 
fiber fraction handsheets (no pressing). 
 
The cross-sectional dimension of the fiber fraction in mechanical pulping can be altered 
through cell wall thickness reduction by peeling, which manifests itself as a decrease of 
fiber coarseness [11, 26]. This reduction in coarseness affects the moment of inertia of 
the fiber, making it more flexible and collapsible [11, 26, 32], and thus more readily 
responsive to the Campbell effect. In addition to cell wall thickness reduction there is a 
significant cell wall destructive element involved in mechanical pulping. This has been  
mainly observed as fiber splitting [12, 45], and cell wall fibrillation [7, 52, 53]. In addition 
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it has been shown that there is a significant variation in mechanical pulp fiber flexibility at 
a constant fiber moment of inertia [32]. The cell wall destruction in mechanical pulps is 
often considered to be similar to that of chemical pulp, traditionally characterized as fiber 
internal fibrillation through refining. The main effect is the increase in fiber flexibility. This 
is also expected to increase the fiber fractions response to Campbell’s effect. However, 
lately it has been shown that changes in mechanical pulp fiber flexibility caused by 
refining are primarily determined by the fiber moment of inertia rather than elastic 
modulus [54]. 
 
Characteristics of fines 
 
Fines are critical to the properties of mechanical pulps because the weight fraction of 
fines may account for up to 40% of the whole pulp in high quality printing papers. The 
fines material is usually defined as the fraction passing through a 200 mesh screen in 
the Bauer-McNett apparatus. Alternately the P100 fraction has been used as the fines 
fraction. The difference in the particle character between P200 and P100 is not very 
significant.  
 
The peeling mechanism by which fines are likely created and the heterogeneous lignin 
distribution in the wood cell wall results in bulk lignin content and surface lignin contents 
that are higher for fines than that of fibers [30, 55]. However, in mechanical pulps the 
fines are not a homogeneous fraction, but consist of pieces of fiber and “debris”, such as 
fragments of the middle lamellae and cell wall, bordered pits and ray cells. The first ones 
to report the significant differences in the fines quality were Brecht and Klemm [56] 
(Schleimstoff and Flourstoff), followed by Forgacs [7], who showed that a good estimate 
of the ribbon-like and chunky material in the pulp could be obtained from measurements 
of the specific surface area (or freeness) of the middle fraction. Later the differences in 
specific surface area due to the morphological variations were related to the 
microscopical shape of the material (fibrillar shape vs. flake shape). Luukko [30] was 
able to characterize fines quality by their shape. He defined the quality of the fines with 
an image analysis method, which measured the fibrillar content of the fines. This was 
then further correlated with several pulp characteristics. Lately Sundberg [57] classified 
TMP fines into 5 different fractions, and confirmed the earlier results of Luukko, showing 
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that fibril type fines particles have lower lignin content and higher cellulose content than 
ray cells and flake type particles. Similar results were also obtained for groundwood pulp 
fines by Kleen [55]. From these studies two underlying fines quality characteristics that 
have specific effects on the properties of mechanical pulp sheet can be derived: 
 
• Particles with high specific surface area and higher lignin content, mainly 
originating from the outer layers of the fiber wall and middle lamellae. 
These particles have a flake type shape character and contribute to the 
scattering properties (free dry surface area – unbonded area) of the 
sheet, with less significant contribution to strength properties (bonding). 
• Particles with very high specific surface area, lower lignin content due to 
the origin (S1 and S2 -layers) and fibrillar shape contribute to the strength 
properties (bonding) with lesser contribution to the scattering coefficient 
(unbonded area). 
 
The quantity of the fines has several effects on paper properties. Studies independent of 
refining effect, wherein fines were added to fiber fraction, clearly show the significance of 
fines in mechanical pulps [3-6]: 
 
• Increase in tensile index (maximum 40-50% in fines content) 
• Increase in tear index (maximum in 20–25% fines content) 
• Decrease in surface roughness 
• Increase in scott bond 
• Decrease in freeness 
• Increase in light scattering 
 
The significant contribution of fines to all properties of mechanical pulp based paper is 
traditionally explained by the high specific surface area of the fines particles. The high 
specific surface area contributes significantly to the Campbell effect, thus consolidating 
(bonding) the otherwise very stiff, lignin-rich, mechanical pulp fiber matrix [1, 28]. There 
is a significant increase in fiber collapse as fines are added into the sheet [28]. In 
addition fines themselves bond readily losing 80-90% of their initial specific surface area 
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[58]. However, a large amount of the initial specific surface area of fines remain 
unbonded in the paper web and significantly contribute to the scattering coefficient of 
paper made from mechanical pulps (Figure 7). 
 
The variable character of the fines in mechanical pulps is likely the most significant 
factor differentiating the behavior of these pulps from chemical pulps. In lignin-free 
chemical pulps it is generally accepted that the fines created during refining collapse 
completely upon drying and thus solely add to the bonded area of the network [59, 60]. 
Conversely, the fines of mechanical pulps do not collapse completely upon drying, which 
is then observed as a change in the dry total unbonded specific surface area of the 
paper. This is the primary reason why refining cannot be used as a means to induce 
bonding in mechanical pulps without significantly changing other properties of the 
finished sheet. The creation of uncollapsable fines through refining alters the total 
unbonded specific surface area of the sheet. Due to this peculiar character, fines fulfill 
various structural functions in a mechanical pulp sheet.  Fines can act as short fibers, fill 
interstices and bridge gaps between fibers, coat fiber surfaces but do not facilitate fiber 







Figure 7. SEM surface (left) and cross-section (right) images of Norway spruce TMP P200 





In this study it is of particular interest to be able to use a theoretical basis for relating 
bonded area to tensile strength. This would allow the use of a scientifically sound 
method to extrapolate to zero bonding and ultimately to obtain a measure for the total 
dry unbonded area of the sheet.  Previous investigations of tensile strength and tear 
strength of mechanical pulps are reviewed as appropriate. 
 
There are several empirical and theoretical paper structure models that explain the 
strength properties of the paper sheet as a function of fiber and sheet consolidation 
characteristics with reasonable accuracy. However, only two approaches are traditionally 
considered to have some level of validity in understanding the behavior of 
heterogeneous structures such as mechanical pulps. The first one is an empirical pulp 
characterization model derived by Forgacs [7], and the second is the theoretical 
approach of Shallhorn and Karnis [24]. Both of these models indicate that there are only 
two common factors describing the mechanical pulp sheet strength (these models will be 
introduced later in detail): 
  
• Fiber length parameter  
• Bonding parameter  
 
 
The existence of only two common factors is supported by the research by Strand [61, 
62]. Strand used factor analysis to explain the variation in mechanical pulps.  Pilot plant 
mechanical pulps from various pulping processes, specific energy consumptions and 
raw materials were used. Two common factors explaining 92% of the total variation were 
found. These were assigned to the bonding potential and fiber length of the pulp. Later 
these results were confirmed in an industrial setting [62].   
 
Further evidence of the existence of only two factors explaining the variability of 
mechanical pulp is supported by the research of Andersson [37, 38], who showed that 
the tensile strength of various mechanical pulps can be explained with z directional 
tensile strength (bonding) and fiber length. 
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Contrary to mechanical pulps, Howard et al. [63] found that the variation of chemical 
pulp properties required  three common factors, which explained 99.6 % of the total 
variation. These common factors were interpreted to describe the following structural 
properties: 
  
• Factor 1 of bonding  
• Factor 2 of length/fines 
• Factor 3 of defects – curls and kinks 
 
Factor analysis (or Principal Component Analysis) uses linear relationships to find 
correlations between variables. However, in paper and pulp most of the variables are not 
linearly correlated. Thus, when factor analysis is used it is probable that an excessive 
number of factors are needed to explain the whole variability. Evidence of this was 
provided by Karrila [64], who used the same data as Howard [63], and nonlinear (neural 
network tools) relationships between various variables. He was able to show that 99% of 
the variability within chemical pulps in refining can be explained with only two common 
factors, however he did not try to characterize the factors. 
 
In conclusion, neglecting the limitations of the factor analysis, the significant differences 
between the mechanical pulp models and chemical pulp models can be assigned to the 
third common factor that exists within the chemical pulps but seems to be undefined for 
mechanical pulps. In chemical pulps this third factor is related to the strength of fibers. 
This implies that mechanical pulps might operate mainly in a domain where fiber 
breaking is negligible, and that fiber strength does not contribute to the properties of 
mechanical pulp sheets. 
 
In the following section the empirical models that are used to explain the strength 
properties of mechanical pulps are reviewed. Then two distinctly different theoretical (or 
semi-empirical) models are presented and discussed (Shallhorn-Karnis model and Page 
equation). These two particular models were selected due to their fundamental 






Empirical strength models 
 
The use of empirical models in the characterization of mechanical pulps is largely done 
in order to reduce the number of measured parameters needed for quality control 
purposes. The methods used in the extraction of these parameters often rely on 
statistical methods, such as multivariate regression analysis or factor analysis, both 
often using linear relationships. Thus, the models often lack accuracy, but provide insight 
to the total amount and the nature of the factors needed to explain the properties of 
mechanical pulps. 
 
The first significant contribution to the understanding of mechanical pulp strength 
properties was the extensive research by Forgacs [7]. He used mechanical pulps from 
several wood species with different process types, and specific energy consumptions, to 
find the significant pulp characteristics which would explain mechanical pulp sheet 
properties. Two primary parameters were identified: a fiber length factor (L-factor) and a 
shape (S-factor) factor. The shape factor was characterized using the hydro-dynamically 
measured specific surface area of the middle fraction (P48-R100 mesh). The length 
factor was determined as the mass proportion of fiber retained on the 48 mesh screen 
on the Bauer-McNett classifier. Forgacs was able to obtain very high correlation 
coefficients for tear and tensile strength properties using these two parameters.  
However, L and S factors have been investigated by several others and were found to 
be insufficient in explaining the strength properties of mechanical pulps [65], especially 
in the case of thermo-mechanical pulps [66]. 
 
The S-factor in Forgacs’ model is related to the bonding potential of the pulp solely 
based on the assumption that wet specific surface area has a direct correlation with the 
true bonding ability of the pulp. However, it is not known, due to the surface coverage of 
lignin and extractives of these pulps, whether all the specific surface area is capable of 
bonding. Andersson [37, 38] accounted for this contribution using z-directional tensile 
strength (ZDT) to explain the true bonding potential of the pulps. Using two factors, the 
average fiber length and the ZDT, Andersson was able to explain most of the variability 
of various commercial mechanical pulps.  
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Shallhorn-Karnis model and modifications 
 
There are several sheet strength predictive models in which fibers are assumed to be 
embedded in a matrix with shear bond strength [24, 67, 68]. The Shallhorn-Karnis model 
[24] is of particular interest because it was developed to explain the tensile strength and 
tear resistance of mechanical pulps. The Shallhorn-Karnis theory of the tensile 
properties of mechanical pulp is based on concepts of composite structures. The theory 
considers paper as a continuum and makes three fundamental assumptions: 
 
A) All the fibers experience the same forces 
B) Fiber geometry is uniform, and fiber strength as well as the bond strength 
distributions are uniform 
C) All the fibers are oriented perpendicular to the tensile fracture line 
 
The model uses fibers of uniform size all aligned in the direction of the stress, and fibers 
are differentiated into two separate groups: fibers which pull-out in the breaking zone, 
and fibers which break. Because fiber pull-out and breaking is assumed to occur 
simultaneously, the pull-out force is added to the breaking force. The redistribution of 
stresses in the sheet during loading is not considered. Also the matrix does not 
contribute to the strength of the sheet. The models were developed for two different 
cases.  
 
1. The ultimate tensile strength per unit cross-section for a sheet in the low 
bonding regime, where fiber strength is grater than the bond strength (τ<τc): 
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2. The ultimate tensile strength per unit cross-section for a sheet in the higher 

















                                        Equation 2 
 
 Where  N = number of fibers per unit cross-sectional area of the crack 
  l  = fiber length 
  r  = fiber radius 
  x  = embedded length       
             τ  = shear strength per total fiber surface area    
                 σ  =  fiber strength per cross-sectional area of the fiber    
 
 
Retulainen [69] slightly modified the equations derived by Shallhorn and Karnis. He 
adopted the term relative bonded area (RBA) to account for the known fact that all 
surface area is not bonded area, specific bond strength (τ changed to b) and changed 
fiber radius to fiber width (w). Fs is the fiber strength. 
 
1. For τ<τc  
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In order to overcome the Shallhorn-Karnis model assumption that all fibers are aligned in 
the direction of the applied stress and account for number of fibers involved in carrying 
stress, Karenlampi [70] further developed the model to include the number of fibers in 
the breaking zone, and applied the model to a to randomly oriented sheet. 
 
N  =  sheet basis weight / coarseness  * width of the breaking zone  
 








== ∫ ∫                  Equation 5 
 
The Shallhorn-Karnis tear resistance model is based on an assumption that a negligible 
amount of energy is consumed in fiber breaking, and all energy consumed is due to 
fibers being pulled out from the matrix. The maximum tear index is an indication of the 
domain where the fracture mechanism changes from fiber pull-out to fiber failure.  Again, 
two different cases were constructed: 
 
1. For (τ<τc) 
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2. For (τ>τc) 
 























The modeled relationships based on the Shallhorn Karnis equations were constructed 
for two cases and are depicted in Figure 6, the cases are: 
 
1. Decreasing the amount of fiber (adding fines) 






Figure 8. Shallhorn-Karnis model [24] predictions for tensile strength (T) and tear 
resistance (W), at various shear bond strengths (τ), fiber lengths (l), and number of fibers 







Although not originally developed for heterogeneous structures, the Page equation [60] 
still provides additional insight regarding the theoretical framework involved in micro-
mechanistic approaches of understanding paper strength. The observations that led to 
the semi-empirical equation of Page involved two fundamental studies. In 1958 Van den 
Akker et al. [71] showed that a significant portion of fibers break under tensile load, and 
when bonding is increased by means of wet pressing or strength additives more fibers 
break. These results were later confirmed by Helle in 1963 [72], however he stated that 
for high freeness pulp almost all fibers pulled out in tensile. In 1961, Page showed that 
during straining of the sheet the load is taken by progressively fewer fibers crossing the 
rupture line due to the failure of bonds at the ends of fibers [73]. Thus, in 1969 Page 
writes :”As the point of failure [of the sheet] is approached, more bonds fail in the rupture 
region and the remaining fibers take more of the sheet load until the fibers lying in the 
direction of loading reach their rupture strain. At this point, catastrophic failure of paper 
occurs.” This led him to postulate the first premise, where tensile strength of the sheet is 
determined by bonding and fiber strength: 
 






  Equation 8 
 
,where  T = tensile strength of the strip expressed as breaking length 
  Z = finite-span tensile strength of the strip expressed as breaking length if 
         no bond breakage had occurred 
  n f= number of fibers crossing the rupture zone that take the load at failure 
         and then break 
  np = number of fibers crossing the rupture zone that pull out intact due to  
         prior bond breakage and hence carry no load at failure 
 
The second premise relates the number of fibers that fail to the number that are pulled 
out intact. Page assumes a direct proportionality between fibers breaking to pulling out 
and fiber strength to bond strength. 
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p =   Equation 9 
 
Using these two premises, Page derives an equation that describes the tensile strength 
of paper with three factors: fiber length, fiber strength and bond strength. Bond strength 
can be further divided into two separate factors, bonded area and shear bond strength. 
 







+=  Equation 10 
 
,where  Z = zero span tensile strength 
  g = acceleration due to gravity 
  b = shear bond strength per unit bonded area 
  L = fiber length 

























Fiber failure in the low bonding regime 
 
The premises of Page equation are mostly from observations that were derived from 
research done with highly bonding fibers. Thus, the Page equation describes a condition 
where fiber failure already occurs at very low bonding levels, and gradually becomes 
more significant when bonding is increased. This is not likely to apply to comparatively 
poorly bonded mechanical pulp sheets. 
 
For low bonding sheets, such as mechanical pulps,   Kallmes [74] and Shallhorn and 
Karnis [24] have suggested that there is a critical bonding level where the failure 
transitions from pure bond failure to fiber failure. Kallmes derived this critical bonding 
level to be where the tensile strength to zero span tensile strength ratio is 4/9, and 
demonstrated it with data from the original work of Ingmansson and Thode [59].  
Shallhorn and Karnis [24] showed using mechanical pulps that, at constant fiber length, 
the tensile strength of the sheet is a linear function of wet specific surface area or 
specific filtration resistance (bonding) of the pulp, indicating that the fiber failure is 
constant or insignificant. In addition, the empirical works of Forgacs [7], Mannstrom [33, 
34] , Andersson [38] and Strand [61, 62] indicate that mechanical pulps mostly operate 
in a domain where fiber breakage can be considered negligible, and that mechanical 
pulp properties can be explained with two independent factors; fiber length and bonding. 
 
The significance of this fundamental difference regarding the fiber failure at low bonding 
regime is illustrated in Figure 9, where an imaginary plot of the Ingmansson and Thode 
method is presented. In order to get an estimate of the total unbonded specific surface 
area (So) using the Ingmansson and Thode method, an equation is needed to relate 
bonded area to tensile strength. For low bonding sheets, where it is likely that fiber 
failure has no contribution to the sheet failure mechanism, the Page equation results in 
an underestimation of the total unbonded specific surface area. Whereas, a linear model 
extrapolation results in a significantly higher total unbonded specific surface area and 
specific bonded area.  
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Figure 9. Schematic illustration of the difference between Page equation and negligible 
fiber failure models.  
 
Mohlin’s work has been critical of the use of only two factors to explain the strength of 
mechanical pulps [75]. In 1979 she stated: “The data used as the basis of these 
conclusions  were mainly obtained for pulps intended for use in newsprint, i.e. pulps with 
relatively high freeness. For the low freeness mechanical pulps needed for other printing 
papers, two variables are no longer sufficient for the characterization of the pulps.” There 
are indications that a third factor (fiber strength) also exists in mechanical pulps that 
would confirm Mohlin’s early suspicions. Lindholm [76] has shown that when comparing 
artificial mechanical pulp blends at the same fiber length and Scott bond (bonding 
strength), the tensile strength varies significantly depending on the type of long fiber 
used. Using Lindholm’s data, Mohlin showed [77] that at constant fiber length, with the 
addition of fines, the tear strength progresses through a maximum. Retulainen [27] was 
able to show that a significant portion of mechanical pulp fibers break during tensile test 
by using dyed fibers. However, Buchanan and Washburn [78] observed with SEM that 
there was no fiber breakage for the long fibers in the tensile fracture zone of 
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(down to CSF 79) an increased number of the secondary fiber elements were observed 
to break in tensile failure.  
  
The existence of a third factor at higher levels of bonding does not contradict the earlier 
suggestions of a linear relationship between bonding and tensile strength in the low 
bonding regime. The existence of a third factor at higher levels of bonding simply 





























Fiber strength in mechanical pulps 
 
Fiber strength in chemical pulps has been shown to be governed by three dominant 
factors: secondary wall fibril angle, structural defects and cellulose content [79-81]. Due 
to the significant variability of these factors between single pulp fibers the tensile 
breaking stresses are shown to lie in a wide range between 40-130 kg/mm2 [82-84]. 
Single fiber strength studies of mechanical pulps are scarce. McDonough [85] was able 
to show that the mean single fiber strength of mechanical pulp fibers range from 55 to 
114 kg/mm2 depending on the fraction the fibers were from. The single fiber strength 
was observed to decrease with the Bauer-McNett screen mesh size, as well as with 
decreasing temperature, indicating a strong fiber defect effect on the strength properties 
of the single fibers.  
 
Fiber strength in chemical pulps is traditionally measured using a zero-span tensile 
strength apparatus. The use of zero span tensile strength was initially suggested in 1925 
by Hoffman [86], and extensively developed by Clark [87, 88] and Boucai [89]. In zero 
span tensile testing a strip of paper is clamped between two jaws separated with a near 
zero distance and the strip is then strained in tensile. It has been shown empirically that 
zero span tensile strength correlates linearly with single fiber strength [71, 90], is very 
sensitive to fiber chemical and mechanical degradation, and is significantly affected by 
fiber curl [91]. Van den Akker [71] has shown  theoretically and experimentally that for a 
defect free, completely straight fibers all aligned in the stress direction, the fiber strength 
is related to zero span according to the following relationship: 
 
   gZAρφ
3
8
=    Equation 11 
 
where A is the average fiber cross-section, ρ is the density of the fibrous material, g is 
the acceleration due to gravity and Z is the zero span tensile strength of the sheet.  
 
There are indications that, at low bonding levels the zero span tensile strength is 
bonding dependent, but at higher bonding levels this dependency is nonexistent [89, 92]. 
The reason for this is not fully understood, but it has been assumed that either a fiber 
slippage occurs when the sheet is not sufficiently bonded or that the zero span is  
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increased due to the reduction in sheet caliper at higher bonding levels [93]. However, 
opposite views have also been presented [94], and concise summary of the subject can 
be found in [95]. Indications of bonding dependant zero-span tensile strength behavior 
have also been observed in mechanical pulps. Karnis [96] measured the zero span 
tensile strength of mechanical pulps with various fines contents, and observed no 
change in zero span tensile strength up to 40% of fines content, even though the zero 
span tensile strength of fines is significantly less than that of fibers. It is possible that 
significant bonding enhancement by fines contributes to this result. In general the zero-
span tensile strength of mechanical pulps is in the range of 10 to 12 kilometers, whereas 
in chemical pulps it has been shown to range anywhere from 10 to 22 kilometers [97]. 
These differences are generally in agreement with the effect of cellulose content on fiber 
































Fiber bonding is responsible for stress transfer between structural elements in paper, 
and thus the key to the internal cohesion of paper. Nearly all mechanical interactions 
between fibers during papermaking take place through fiber bonds. The number and 
area of bonds affect most of the functional properties of paper, ie. optical, mechanical, 
thermal and electrical properties. [1] 
 
Bonding can be considered to be a general term for the three different types of generally 
accepted bonds formed in the matrix between fibers. 
 
1. Chemical bonds (chemical bonding theory, hydrogen bonding theory) 
2. Intermolecular van der Waals bonds (adsorption theory) 
3. Entanglements of polymer chains (diffusion theory, mechanical 
interlocking theory) 
 
The formation of bonds begins as solid content increases during the paper making 
process. Initially surface tension forces govern the consolidation by pulling particles 
together as water is progressively removed from the matrix, this is generally known as 
the Campbell effect [98]. Current understanding is that there is a gradual change from 
the Campbell effect to the concurrent final bonding mechanism (often referred as 
hydrogen bonding) above 50% solids content, at which level a significant increase in 
sheet modulus is traditionally observed. During this later stage of drying, ligno-cellulosic 
particles (fibers and fines) shrink laterally and possibly cause shear stresses in the 
bonded regions, which are frequently identified microscopically as microcompressions 
[99]. The lateral fiber shrinkage effect on the bonding zone connects the fiber properties 
to the ultimate bond strength, because the fiber wall character is responsible for the 
stress distribution caused in the bond by transverse shrinkage. However, the shrinkage 
potential of mechanical pulp fibers is smaller than that of chemical pulp fibers [1]. 
 
If the bonded area and bond strength are directly proportional, the quality of bonding and 
fiber bonds can be described by the specific bond strength (SBS) concept, as defined by 
Retulainen [1]:  
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 Specific bond strength = Strength of a bond / Area of a bond 
 
Specific bond strength has been determined directly through individual fiber-fiber 
bonding tests [82, 83, 100, 101], as well as indirectly from fiber network sheets [60, 102-
105] (using micromechanical models, or z-directional tests). The results vary significantly 
depending on the method used. The concept of specific bond strength is not very well 
understood, because the measured specific bond strength has been shown to be 
loading mode dependent  [103].  
 
RBA –Relative Bonded Area 
 
Relative bonded area, RBA, is the fraction of the total surface area involved in bonding. 
RBA is defined as the ratio of bonded area to total dry surface area of the material, in the 
following manner: 
 
 RBA = (So – S)/ So    Equation 12 
 
, where So is the totally unbonded surface area of the fibers, and S the unbonded area at 
certain bonding degree. There are two unquantifiable parameters in this definition: the 
total unbonded surface area of the material and the surface area of the material in a 
bonded stage. Traditionally (chemical pulps) several different approaches have been 
taken to measure both of these parameters, here only the most significant contributions 
that are relevant for mechanical pulps are reviewed. [1] 
 
Direct methods for estimating RBA 
 
All direct methods for determining RBA of paper are based on light microscopy or SEM 
imaging, and image analysis [51, 73, 106]. The pioneering work of Yang et al [51] and 
Eusufzai [106], focused on analyzing the perimeter length of fiber cross-sections and the 
bonded length of fiber cross sections from paper SEM image cross-sections. Aside from 
the work intensive nature of the image analysis based method, the approach has been 
shown to be useful in determining RBA in chemical pulp based papers. This is mainly 
due to the fact that fibers are clearly visible and separable from each other. However, for 
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mechanical pulps the methods are not as straight forward due to the heterogeneous 





    
  Figure 10. Southern pine TMP (110 CSF) cross-section SEM image 
 
 
Indirect methods for estimating RBA 
 
The first attempt to obtain a measurement of the relative bonded area on paper (RBA) 
was made by Parsons [107], who used a solvent replacement technique to produce a 
sheet with low bonding in order to estimate the total dry unbonded specific surface area 
of the sheet. The sheet was formed by soaking spruce sulphite pulp several times in 
acetone and forming the sheet eventually in n-butyl alcohol. The ultimate goal in the 
solvent replacement technique is to prevent surface tension forces from pulling the fibers 
into close contact and eventually bonding. Parsons’ work was followed by investigations 
by Ratliff [108], Keeney [109], and Leech [110]. In these studies, the final solvent was 
usually benzene used to solve the problem of poor formation on Parsons’ unbonded 
sheets. Later Haselton [111] used a gas adsorption technique (BET) to show that in the 
solvent exchanging method fiber is left in an expanded condition, when compared  
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drying from water method. This produces unbonded dry specific surface areas that are 
grossly in error. This was later confirmed by Rennel for solvent-exchange dried fibers 
[112]. Rennel’s work also indicates that in freeze-drying and spray-drying fibers remain 
in a swollen state producing specific surface areas higher than what can be expected 
from the Ingmansson-Thode approach. 
 
Ingmanson and Thode [59] suggested that the problem with solvent exchange could be 
circumvented by plotting specific scattering coefficient against tensile strength, and 
extrapolating to zero tensile strength in order to obtain a fully unbonded scattering 
coefficient from a water formed sheet. They used refining and wet pressing to increase 
the tensile strength of spruce sulphite pulp. In their data, refining and wet pressing 
produced a similar scattering-tensile relationship, allowing them to conclude that the fibril 
structure of chemical pulps collapses completely on the surface of the fiber. Thus, 
refining produces results similar to wet pressing. However, later Swanson and Steber 
[113] showed that the fibrillar structure created in refining does not collapse completely 
upon drying and that beating indeed develops non-collapsible surface area. This was 
supported by Luner et al. [114] finding that, when using high yield pulps (up to 19.0% 
lignin content), beating produced different scattering-tensile relationships at different wet 
pressing levels. Later Rennel also showed the same behavior using a large variety of 
different pulps, including mechanical pulps [115]. Ultimately, using unbonded (spray-
dried) fiber sheets and nitrogen absorption techniques, Hartler showed that the dry-fiber 
specific surface area of chemical pulp fibers does not remain constant during the beating 
process [116]. For high yield and mechanical pulps, the spray dried unbonded dry 
specific surface area increases with additional beating [115].   
 
Although described by Van Den Akker [117] as a crude method for estimating RBA in 
pulps, wet pressing and the Ingmansson-Thode approach still remains as the only 
indirect method that is believed to produce a meaningful measure of RBA in chemical 







The use of scattering coefficient as a measure of specific surface area of 
paper 
 
Davis was the first to state that the scattering coefficient should be proportional to the 
specific surface per unit mass of the material [119]. The first to attempt to prove this was 
made by Parsons [107] using a modified silvering method similar to the Clark method 
[120]. In Clark’s method, the fibers are coated with a uniform layer of silver by boiling 
fibers in aqueous ammoniacal silver, and the area of this silver coating can be 
determined chemically. The measurement depends upon the catalytic decomposition of 
hydrogen peroxide by contact with the silver surface. The calibration curve for absolute 
specific surface area is made with small squares of cellophane that have a known area. 
Using the silvering method Parsons was able to obtain unique linear relationships 
between silvering specific surface areas and specific scattering coefficients of 
fractionated sulphite and groundwood pulps. However, chemical pulp fines did not fall in 
line with rest of the chemical pulp data. Interestingly, mechanical pulp fines were in line 
with rest of the fractions. Using the same method Ratliff showed that each pulp produces 
unique and significantly different scattering coefficient specific surface area relationships 
[108].  
 
The use of gas adsorption (nitrogen) in determining specific surface area and relating it 
to specific scattering coefficient of paper was first introduced by Haselton in 1954 [111, 
121]. Haselton found a linear correlation between scattering coefficient and nitrogen 
adsorption specific surface area of sulphite pulps that had been refined and wet pressed 
to different levels of bonding. The correlation obtained by Haselton showed a linear 
slope of 0.045. The wavelength used in the scattering coefficient measurement was 600 
nm. Later Rennel [115] confirmed the linear relationship between scattering coefficient 
and nitrogen gas adsorption specific surface area (the wavelength used in scattering 
measurements was not mentioned) for various pulps wet pressed and refined to different 
levels of bonding. In his data, all pulps produced unique relationships between scattering 
coefficient and gas adsorption specific surface area. Swanson and Steber [113] also 
observed that each type of pulp has a unique nitrogen adsorption vs. scattering 
relationship. Their results did approach a similar value of 0.044 for the linear slope at 
higher wavelengths of light (650nm), which was similar to Haselton’s result. Rennel [122] 
also obtained a similar linear relationship using cylindrical model fibers of glass, when 
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the diameters of the glass fibers remained larger that 1 micrometer, or the specific 
surface area was below approximately 1.5 m2/g. Van den Akker [113], and Page [123] 
have made an interesting observation that 0.044 is approximately the value which would 
be expected by application of Fresnel’s law of reflection to a diffusely reflecting body of 
randomly oriented fibers. This was later confirmed as an accurate approximation using 
the Stokes approach for layered paper structure [124]. 
  
There are indications that the cross-sectional shape of the fiber affects the measured 
scattering coefficient. The effect of the particle shape on the scattering coefficient at 
constant specific  surface area was studied first by Arnold [125], who showed that the 
light scattering coefficient was greater for dog-bone shaped fibers than circular ones. 
The effect of fiber shape on scattering efficiency was confirmed by Rennel [122], who 
showed that each shape represented a unique nitrogen adsorption specific surface area 
vs. light scattering relationship (at 557 nm wave length of light and a specific surface 
area range between 0.2 m2/g to 0.37 m2/g), using model glass fibers with variable cross-
sectional shapes. The reason for this type of behavior was attributed to the possible 
variable pore size distribution in the sheet by stating ”It should be borne in mind, 
however, that the determinations of the light-scattering coefficient and surface area 
(BET) are not concerned with the same thing. The former applies to surfaces down to a 
distance about 500-600 Å, whereas the nitrogen molecule, which measures 3.6 Å, 
record nearly all surfaces – even those not scattering light.” However, it is not known 
whether the shape effect is actually an intrinsic effect or is directly related to the pore 
size distribution (scattering efficiency of small pores) of the sheet. 
 
Since pore size distribution appears to have a significant impact on the light scattering of 
paper, significant amount of research has been conducted in order to understand this 
relationship. Microporosity, measured with mercury intrusion porosimetry, considers 
paper to be a continuous solid phase containing air voids that are the light scattering 
elements. It provides an application for studying the effect of pore size distribution on 
scattering coefficient.  Using this approach, Alince et al. [126, 127], Fineman et al. [128] , 
and Rundlof et al. [129], have shown that there is a correlation between the void surface 
area of the sheet and scattering coefficient of paper. However, the correlation is better 
when void pores smaller than 100-200nm are excluded from the data. Interestingly, the 
relationship between the total area of pores above 200nm and the scattering coefficient 
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from Alince et al. [126] produces a linear correlation following the approximate slope of 
0.045, up to approximately 1.5 m2/g mercury intrusion specific surface area, after which 
slight curvature appears. This indicates that the minimum optically effective pore sizes 
are in the range of 200nm, confirming the earlier statement by Rennel.  However, the 
mercury intrusion results are not in agreement with the BET nitrogen adsorption results. 
In both methods similar slopes between scattering coefficient and specific surface area 
were detected (0.044-0.045). The detection ability of the nitrogen adsorption method is 
related to the size of the nitrogen molecule, and thus pores down to the size of 4.3 Å 
should be detected [113].  Due to the fact that mercury does not wet fibers, a positive 
pressure is needed to force the penetration of mercury into the pore structure. In order to 
detect nanometer scale pores, significantly high pressures (up to 60 000psi) are needed. 
It has been stated that these high pressures could possibly lead to structural changes in 
the material under investigation [129, 130]. Thus, it is possible that the low correlation 
between specific surface area measured by mercury intrusion and light scattering 
coefficient beyond the 100-200nm pore size, is due to the potentially destructive nature 
of the mercury intrusion method. 
 
It has been shown that the Kubelka-Munk scattering coefficient is significantly reduced at 
high levels of light absorption [131-133].  This effect is known as the NAM anomaly [133] 
or Foote effect [131]. It is not clear whether this decrease in scattering coefficient at 
higher absorption is an intrinsic error in the theory or an actual physical material 
property.  When the decrease in scattering coefficient at high absorption has been 
considered to be a material property, the scattering decrease has been explained to be a 
combination of two phenomena: the influence of the absorption on the surface reflectivity 
of the cell wall and the absorption of light internal to the cell wall [132].  However, it has 
also been shown using a discrete ordinate radiative transfer (DORT) model that there is 
an intrinsic error in the Kubelka-Munk model at high absorption levels, explaining roughly 
20% of the decrease in scattering coefficient [134].  It needs to be recognized that when 
scattering coefficient is to be used as a measure of bonded area in paper, the 
wavelength of light used in the measurement should be chosen such that the scattering 





Mechanical pulp sheet consolidation through wet pressing and press 
drying 
 
Mechanical pulp fibers are rigid at temperatures below the glass transition temperature 
of lignin. Thus, when wet pressing is used to induce consolidation in mechanical pulp 
sheets the increase in density obtained is limited. It has been demonstrated that even 
high pressing pressure can not overcome this behavior [50]. It is unknown whether this 
phenomenon is due to the rebound of the fibers to their original shape, or if the fibers 
resist the induced pressure and remain uncollapsed under pressure. Mechanical pulp 
fibers with fines respond better to wet pressing than the fiber fraction alone, resulting in 
reduction in scattering coefficient following wet pressing [136]. This behavior has been 
attributed to the ability of the fines to reduce fiber rebound when they are brought into 
close contact and a significant amount of water is removed from the sheet [28]. 
 
The rigidity of mechanical pulp fibers can be overcome by press drying the sheet at 
elevated temperatures [50, 137-141]. The effective temperature has been shown to be 
close to 100 ºC, strongly indicating that the lignin in the fiber restricts the collapsibility of 
the fiber [141]. The efficiency of press-drying consolidation is dependent on the initial 
moisture content of the sheet, because water acts as plasticizer, and prolongs the 
effective time needed to dry the sheet [141, 142]. The induced fiber collapse is 
permanent, assuming that the press drying is prolonged so that the sheet is dried under 
load. Back and Norberg [143] showed that in pressing an Asplund pulp, there was a 
significant springback of the pulp pad depending on the pad moisture content and 
temperatures used in pressing. At a pad moisture ratio of 0.50 the springback decreased 
from 44% at about 10 ºC to 27% at about 90 ºC. At a pad moisture content of 0.80, the 
springback decreased from 18% at about 10 ºC to virtually nil at 90 ºC. 
 
Press drying of lignin rich pulps increases the strength properties of the sheet by 
increasing inter-fiber bonding [144]. At low pressing pressures the most significant 
strength enhancements are seen in the wet strength properties of the sheet. This has 
been attributed to flow of hemicelluloses and lignin, with lignin covering the 
hemicellulose bonds making them more hydrophobic, and thus more resistant to water 
[139, 145]. However, in order to induce lignin flow it is essential that the lignin glass 
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transition temperature of 90-110 ºC is exceeded by 60-70 ºC. This has been shown to 
apply in case of spruce CTMP, where no significant alterations in the fiber surface 
chemistry were observed using ESCA, when the pulp sheets were pressed below 140 ºC 
[146]. In addition to the flow of lignin and hemicellulose during the heat treatment of 
wood there is a significant redistribution of extractives on the surfaces of the material 
[147]. However, Nordman and Levlin [148] showed that this temperature induced 
redistribution of extractives has no effect on the bonding characteristics of groundwood 
pulp.  
 
Based on studies by Gupta and Goring it is believed that lignin surfaces on fibers do not 
present any bonding ability at temperatures below their softening temperatures [25, 149]. 
When the temperature is raised to the softening temperature of lignin, the lignin surface 
bonds readily [25]. There are several possible mechanisms that can explain lignin 
bonding, ranging from polymer cross-linking and mechanical interlocking to polymer 
diffusion [150-153]. Mechanical pulp fibers and fines have a significant portion (~65%) of 
the total specific surface area covered by lignin and extractives [55]. In other words, half 
of the specific surface area cannot be bonded at temperatures below the softening 
temperature of lignin, but can be bonded when the temperature is raised above the glass 
transition temperature of lignin.  
 
Interestingly, the studies where wet pressing and press drying are used to induce 
consolidation in mechanical pulps indicate that press drying is an extension of wet 
pressing with respect to sheet bonding. Seth et al. [144, 154] showed that wet pressed 
and press dried (180 °C) mechanical pulp sheets followed the same scattering 
coefficient to tensile strength ratio when the sheets were densified using variable 
pressures. This indicates that even though the bonding mechanisms of wet pressing and 
press drying are believed to be different, the bonded area to tensile strength relationship 
is not affected.  However, this is not true if density is considered as the measure of 
bonding in the sheet. At constant sheet density, the press dried sheets have higher 
strength properties and lower scattering coefficient than wet pressed sheets. This 
observed “bonding” without consolidation is pronounced for TMP pulps, is observed in 
newsprint production [155], and is almost non-existent within kraft pulps [144, 154]. 
Poirier et al. [156] showed that when a TMP sheet is dried with superheated steam, 
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there is significant drop in scattering coefficient with subsequent increase in tensile 
strength, but without significant change in bulk (or density). In addition, they observed a 
significant decrease in fibrillation of the steam dried sheets as observed in SEM. Thus, it 
seems that bonding without consolidation can be at least partially attributed to the 
structural collapse of fines and fibrils.  
 
Mechanical pulps are heterogeneous structures, where the range of particle size varies 
from fairly sound wood fiber particles with lengths of 2 mm and width of approximately 
50 µm to small fines particles with size distributions anywhere from the nanometer scale 
to several hundred microns in length [2]. Due to this heterogeneity, there can be a large 
distribution of bonded area, i.e. the bonded area of the fine particles, bonded area of the 
fibers, and a range of everything in between. When an approach to measure bonded 
area similar to that used in chemical pulps is used to determine the total unbonded 
specific surface area (So) of the mechanical pulp sheet, it is unclear whether the 
pressing procedure induces bonding of all the fractions homogenously, or whether some 

















Mechanical pulps are mainly used for their favorable cost to quality ratio. The important 
quality parameters are related mainly to the heterogeneous nature of the pulp, where the 
high specific surface area fines particles assist in producing a sufficiently consolidated 
sheet with a porous structure, smooth surface and a high scattering coefficient.  
 
In mechanical pulping most of the energy is consumed in specific surface area creation 
through fiber cutting, or fiber peeling, ultimately creating fines and fibers of various 
characteristics. Depending on the raw material, process type, and specific energy 
consumption, these particles have different ability to consolidate into a heterogeneous 
sheet, and ultimately create cohesion between particles through bonding. 
 
Bonding is the key to the internal cohesion of paper. Nearly all mechanical interactions 
between fibers during papermaking take place through fiber bonds. Bonding is 
traditionally characterized into two separate factors: bonded area, and the strength of 
bonds per unit bonded area. This separation is especially important for pulps where the 
strength to unbonded surface area ratio is considered as one of the key product 
parameters, determining the ultimately quality and paper making potential of the pulp, as 
is the case in mechanical pulps. However, currently there are no applicable 
measurement methods that are able to separate bonded area from specific bond 
strength in mechanical pulps. 
 
Ingmansson and Thode used refining and wet pressing to induce bonding in 
handsheets, and performed an extrapolation to zero tensile strength to obtain a totally 
unbonded specific surface area of dry fibers from light scattering. Later it was shown by 
many that refining creates significant amount of additional specific surface in high yield 
pulps altering the dry total unbonded area of the sheet. This prevents the use of refining 
as a bonding inducer. Today, although considered as a crude method for obtaining a 
measure of bonded area, currently the Ingmansson and Thode method is the most 
accepted method in assessing bonded area and specific bond strength in paper. 
 
It has been shown that bonding in mechanical pulps cannot be significantly increased 
using the wet pressing procedure that is used for chemical pulps. This limitation can be 
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attributed to the stiff nature of the mechanical pulp fibers, and to the high lignin coverage 
of mechanical pulp, which reduces the surface available for bonding. Press drying at 
elevated temperatures has been shown to facilitate fiber collapse in lignin rich structures, 
and also induce lignin-lignin bonding when the temperature is brought close to the glass 
transition temperature of lignin. Also there are indications that wet pressing and press 
drying are similar in terms of mechanical pulp specific bond strength. Thus press drying 
is a possible approach to extend the bonding to strength relationship in mechanical 
pulps to increase the accuracy of the extrapolation to zero bonding when using the 
Ingmansson and Thode method.  
 
A significant amount of research has been done to describe the bonded area to tensile 
strength relationship of chemical pulps. Today, the most widely used theoretical equation 
(actually semi-empirical) to extrapolate to zero tensile strength (using the Ingmansson 
and Thode wet pressing method to obtain an unbonded dry surface area of fibers), is the 
Page equation. The Page equation was initially derived for homogeneous structures, 
which were significantly well bonded. Thus, the equation assumes progressive fiber 
breaking even at low bonding levels, which results in a non-linear bonded area tensile 
strength relationship. For mechanical pulps, the tensile strength has been characterized 
empirically with high accuracy using only two factors: fiber length and a bonding 
indicator. This indicates that for these low bonding structures, fiber breaking is negligible, 
and also that the tensile strength bonded area relationship might be linear. This results 
in an underestimation of the bonded area when using the Page equation. However, due 
to the limitation of inducing bonding by wet pressing in mechanical pulps it is uncertain 




1. Bonded area and specific bond strength are important characteristics in assessing 
the paper making potential of mechanical pulps, but there are no methods for 
measuring these properties in mechanical pulps. 
a. However, it is not clear what is the definition of bonded area, RBA or specific 
bond strength in heterogeneous pulps 
2. The Ingmansson and Thode wet pressing procedure is a possible method for being 
able to measure these parameters, however, wet pressing is not sufficient to produce 
 50
significant amount of bonding in lignin rich mechanical pulps to enable accurate 
extrapolation to zero tensile strength. This can be possibly overcome by using press 
drying at elevated temperatures. 
a. However, pressing of heterogeneous structures might collapse and bond 
some fractions more than others, which then make the interpretation of the 
increase in tensile strength difficult. 
b. It is not known if the fiber properties (fiber strength), or bond properties 
(specific bond strength, shear bond strength) are altered during press drying. 
3. The use of scattering coefficient as a measure of unbonded area in a mechanical 
pulp sheet is questionable due to 
a. The existence of particles smaller than certain fraction of the wavelength of 
light that possible facilitate bonding in mechanical pulp sheets but cannot be 
detected using light 
b. The increase in absorption coefficient due to the press drying procedure 
possibly alters the scattering ability of the material so that the scattering 
coefficient is reduced significantly due to the change in absorption coefficient. 
4. In mechanical pulps there is no sound theoretical method that relates bonded area to 
tensile strength in order to extrapolate to zero tensile strength to obtain the total 
unbonded dry specific surface area of the sheet. 
a. It is not known whether fiber strength is a limiting factor for low bonded 
sheets. 
b. Thus it is unclear whether the specific bonded area tensile strength 
relationship is linear, or possible similar to the approach of Page equation, 















In this thesis the problems identified in the problem analysis were approached using a 
multitude of research methods (Table 1). Each separate chapter in the results and 
discussion section is an independent publication, some of them published, submitted or 
to be modified for a journal publication. Thus each chapter can be read without reading 
the whole thesis. In each chapter parts of the literature review was used in the 
introduction sections. 
 
Table 1. Objectives of the different publications 
Research 
problem Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 
1 X X X X    
2  X X X    
3   X  X   
4 X         X 
 
 
Chapter 1 is an initial study on the applicability of the Ingmansson and Thode method in 
mechanical pulps, and is the introductory chapter for the rest of the results and 
discussion section. The concept of using press drying to induce bonding in mechanical 
pulps is introduced. In chapter 1 the effect of time, temperature and pressure on bonding 
and sheet consolidation is examined. Also the response of individual mechanical pulp 
fractions to press drying is studied. The objective is to show how far the scattering-
tensile strength relationship can be extended using press drying.  The difference using 
the non-linear Page equation and a linear model to extrapolate to zero bonding is 
elucidated. Also, the shortcomings and possible problems related to the press drying 
assisted Ingmansson and Thode method are discussed. These are then approached in 
the following chapters.  
 
In chapter 2 the problem of using scattering coefficient as a measure of specific surface 
area in mechanical pulps is approached using mercury porosimetry and nitrogen 
adsorption (BET) measurements with scattering coefficient measurements at various 
wavelengths of light. Also the interdependence of scattering coefficient and absorption 
coefficient is researched. The main objective is to find the highest absorption coefficient 
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(or wavelength) below which scattering coefficient is not significantly reduced. It is 
shown that scattering coefficient at a constant wavelength of light is an accurate 
approximation of the specific surface area in mechanical pulps independent of sheet 
composition. However, in order to avoid the significant absorption effect and obtain 
accurate scattering coefficient measurements the wavelength of light should be above 
600 nm. 
 
The homogeneity of the pressing procedure is approached in chapter 3. This is done by 
examining the additivity of scattering coefficient as a function of sheet composition at 
various wet pressing (23 °C) and press drying (120 °C) levels. A ternary approach is 
used. It is shown statistically that scattering coefficient does not strictly follow a linear 
addition rule. However, the deviation from the linear additivity is small (4.8%), and it is 
concluded that scattering coefficient follows a linear model as a function of the sheet 
composition. 
 
Chapter 4 elucidates the meaning of relative bonded area (RBA) in heterogeneous 
structures. Due to the findings in chapter 2 and 3 it is reasonable to assume that specific 
bonded area in mechanical pulps also follows a linear addition rule as function of sheet 
composition. This results in and RBA that, by definition, is intrinsically non-linear. It is 
proposed that specific bonded area rather than RBA is used to describe area involved in 
bonding.  
 
Throughout the study wet pressing is used in parallel with press drying believing that 
press drying would be an extension of the wet pressing in terms of scattering-tensile 
relationship. However, this is not true. Wet pressing in most cases produces higher 
scattering coefficient at constant density or tensile strength. In Chapter 5 the different 
collapse mechanisms associated with wet pressing and press drying are approached 
using mercury intrusion porosimetry pore size distribution data, handsheet physical 
testing data and SEM imaging. It is shown that the significantly higher scattering 
coefficient at constant density in wet pressing is caused by the different pore distribution 
of the fines fraction. It is also shown that the difference in pore size distribution in wet 
pressed and press dried fines did not alter the scattering-tensile strength relationship of 
pure fines sheets, suggesting that the total unbonded specific surface area (So) is not 
altered in press drying. This results in that at constant fines bonded area (S-So) press 
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dried fines sheet has significantly lower density than the wet pressed fines. It is 
suggested that in a mixed sheet where fibers are present this increases the distance 
between the fibers and is likely to decrease the stress transfer efficiency between them, 
which is then observed as a decrease in specific bond strength.  However, at higher 
pressing pressure the wet pressing and press drying scattering-tensile curves united, 
indicating that at higher densities the stress transfer efficiencies approach each other.  
 
Chapter 6 focuses on the significance of fiber failure in mechanical pulps. The regime 
where the dominant mechanism of paper failure transitions from negligible fiber failure to 
significant fiber failure is believed to be at the maximum tear index. Press drying and wet 
pressing are used to increase bonding. It is indirectly shown that most mechanical pulps 
operate in significant fiber failure domain. The domain transitions from negligible to 
significant fiber failure in the range of 30-40 Nm/g of tensile strength or 0.3-0.45 bonding 
index (tensile strength divided by zero span tensile strength). The significance of the 























Experimental materials and methods 
 
Pulps used in this study 
 
The preliminary research was done using a commercially available News grade southern 
pine TMP, with a freeness of 110 CSF. The southern pine (approximately 80% Pinus 
taeda) sample was collected from the storage tower before bleaching. The fraction 
mixing studies were done using two commercially available Thermo-Mechanical Pulps 
(TMP). Both pulps were from the same species (Norway spruce- Picea abies), but were 
refined to two distinctly different freenesses. The first one was a printing and writing 
grade TMP (35 CSF), and the second one a newsprint grade TMP (110 CSF). Both 
Norway spruce samples were collected from the disc filter prior to bleaching tower. The 
basic properties of the pulps are shown in Table 2.  
Table 2. Basic properties of pulps used in the study 
  Southern pine TMP Norway spruce TMP Norway spruce TMP 
Grade News LWC News 
Species 80% Pinus taeda Picea abies Picea abies 
CSF, mL 110 35 110 
Bauer-McNett       
                                  R28 33.80% 28.87% 44.45% 
                                  R48 17.90% 22.26% 11.76% 
                                  R100 7.60% 6.99% 7.29% 
                                  R200 1.20% 6.23% 4.63% 
                                  P200 39.50% 35.65% 31.87% 
FQA, LW fiber length, mm  1.52 1.442 1.68 
Tensile index, Nm/g 26.55 51.09 34.33 
Scattering coefficient, 







Pulp fractionation was conducted using a modified method, where 30 O.D. grams of pulp 
was fractionated for 45 minutes. In the Bauer-McNett apparatus 14, 28, 48 and 200 
mesh screens were collected. The fiber retained on 14, 28 and 48 mesh screens was 
combined. In addition all the excess water passing the 200 mesh screen was collected 
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into a 55 gallon barrel. After the initial fractionation, in order to obtain a fines free fiber 
fraction, the combined R14, R28 and R48 fiber fraction was refractionated using the 
same procedure as described earlier. 
 
 
                                
 
   Figure 11. Bauer-McNett apparatus 
 
 
The fiber length analysis was done using the Fiber Quality Analyzer (FQA) for each pulp 
and Bauer-McNett fraction separately. The results for each fraction are shown in Table 
3.  Light microscope images of the fractions are shown in Figures 12-14 for the 
newsprint grade Norway spruce TMP (110 CSF).  
 
Table 3. FQA fiber length and curl of fractions 
    FQA Fiber length,mm   FQA Curl 
Pulp Fraction Arithmetic LW WW Arithmetic 
Southern pine TMP R28 2.05 2.42 2.72 0.043 
110 CSF R48 1.28 1.62 1.95 0.032 
  R100+R200 0.492 0.703 1.026 0.03 
        
Norway spruce TMP >R48* 1.49 2.03 2.47 0.045 
35 CSF P200 0.105 0.151 0.369 0.089 
        
Norway spruce TMP >R48* 1.9 2.555 3.13 0.0495 
110CSF R200 0.283 0.4905 0.732 0.037 
  P200 0.1055 0.147 0.3625 0.1245 







  Figure 12. Fiber fraction 
  (>R48) of the Newsprint 









  Figure 13. Middle fraction (R200)










  Figure 14. Fines fraction (P200) 
of   the Newsprint grade TMP   
 







Fiber cross-sectional dimensions of the long fiber fractions were determined using the 
FQA and light microscopy. Fiber widths and cell wall thickness were measured using a 
half automated system existent at the Institute of Paper Science and Technology. 
Approximately 1% dispersed solution of dyed fibers was placed on a glass slide, and 
individual fibers were then characterized using 400X magnification.  At least 200 fibers 
per sample were measured. The measurements included fiber widths, cell wall 
thicknesses, their distributions, as well as calculated parameters, such as runkel ratio 
and fiber perimeter. 
 
 
 Table 4. Cross-sectional properties of the fiber fractions, FQA coarseness and light 
 microscopy fiber width and cell wall thickness  
    Coarseness Light microscopy 
Pulp Fraction mg/m 
Width, 
um Wall thickness, um 
Norway spruce 
TMP >R48* 0.224 4.72 37.14 
35 CSF      
       
Norway spruce 
TMP >R48* 0.251 5.14 38.28 
110CSF      







The excess water passing the 200 mesh screen was collected into a 55 gallon drums. 
These drums were then left to stand untouched for the fines to settle onto the bottom of 
the barrel. This initial settling lasted 3 days, after which the excess water was removed 
using a low pressure pump. Every barrel yielded approximately 10 O.D. grams of fines at 
a consistency of 0.5-1.5 g/L. After the initial settling the fines slurry was collected into a 
tall barrel with a small diameter, and the barrel was stored in a cold room at a 4 °C 
temperature for 24 hours, after which the fines, due to reduced mobility had settled 
more, the excess water was removed again. Ultimately a consistency of between 4 and 




                               
      Figure 15. Fines settling 
 
The fines content in the fiber (R48) and fines (P200) mixed sheets was determined using 
the DDJ Tappi standard T 261 cm-00.  For sheets with middle fraction mixed in, the 





Handsheet were formed using a standard British handsheet mold with recirculated white 
water and a 150 mesh screen. Before each collected sample set a number of 
handsheets were formed in order to attain an appropriate level of fines in the 
recirculation to keep the fines content of the sheets constant. In most cases the number 
of handsheets was 8 before the samples could be taken.  Fines handsheets were 
formed on a dense glass fiber filter paper (Whatman 934 AH), which was placed on top 
of the wire in the standard British handsheet mold.  
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Wet pressing of the sheets was done immediately after the sheets were formed. A 
standard hydraulic press was used to press individual handsheets between a stack of 
blotter papers and a chrome plate of the other side of the handsheets. All wet pressed 
handsheets were pressed for 1 minute using variable pressures. Pressure was 




Initial press drying (Southern pine TMP and Printing and Writing grade Norway spruce 
TMP studied) was conducted using a standard Carver press with heated platens on both 
sides. In the initial studies the handsheets were stored in sealed plastic bags between 
blotters in a cold room at 4 °C for 24 hours prior to pressing. Later an automated press 
was designed to better control the pressing procedure. This enabled an immediate press 
drying of the sheets after the sheets were formed. The press drying was done using a 
compiled sandwich that consisted of a felt, wetted blotter paper, smooth filter paper, 
handsheet, chrome plate and a filter paper. The purpose of the sandwhich was to 
provide a route for the steam to escape, as well as prolong the time at higher moisture 
content and temperature for more efficient glass transition effect to occur. All handsheets 
were pressed until they were dry. The pressing time depended on furnish used, and 
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varied between 3 minutes (100% R48 fiber sheets) and 6 minutes (100% P200 fines 
sheets). Platen temperature was varied. 
                             
 
           




                                 
 








All testing was performed at 50% Relative humidity and all sheets were preconditioned 




Tensile strength testing for the Southern pine TMP was performed according to the 
Tappi standard T 494. The Norway spruce pulps were measured using a modified 
method, where the strip width was 15 mm, strip length only 5.08 cm (2 inches), and 
strain velocity was set at 0.5 inches/minute. The short span length was used to minimize 
the amount of flaws in the 100% fines (P200) sheets. The strain rate was reduced in 
order to produce enough data points for a good stress-strain curve. Tensile testing was 
done using an Instron tester with mounted iron clamps. 
 
Zero span tensile testing was done using a Pulmac zero span tensile tester. The span 
length was set to 0 and the clamp pressure to 80 psi. 
 
Tear resistance was measured using a pendulum type Elmendorf tear apparatus, using 
4 sheets in one tear test. The procedure followed the Tappi T414 method. 
 
Z-direction tensile strength was measured using the STFI ZDT tester, and followed the 





Scattering coefficients were measured according to the Tappi T1214 standard, at 572 
nm wavelength and 15° angle. This method was chosen in order to avoid the effect of 
high adsorption coefficient on the scattering measurement, as well as to avoid the 
surface gloss effect on the measurement.  
 
The UV/vis spectra were recorded on a Perkin-Elmer Lambda 900 UV/vis spectrometer 
equipped with a diffuse reflectance and transmittance accessory (PELA-1000).  The 
accessory is essentially an optical bench that includes double-beam transfer optics and 
a six-inch integrating sphere.  Background corrections were recorded using a Labsphere 
SRS-99-020 standard.  Reflectance data were measured over a black and a white 
background with known reflectance values.  For each sample and background, an 
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average of five measurements was utilized to determine both the light scattering (s) and 
light absorption (k) coefficients.  The absorption and scattering coefficients were 
calculated from the reflectance data by means of the Kubelka-Munk. Data were collected 
from 300 to 800 nm. 
 
 
BET nitrogen adsorption and mercury intrusion porosimetry 
 
BET was measured at Micromeritics, Norcross, Georgia, U.S.A., using the TriStar 3000 
nitrogen absorption surface area equipment.  The nitrogen gas partial pressure was 
changed by altering the helium/nitrogen mixture.  All the samples were degassed at 
60ºC. Mercury intrusion porosimetry specific surface area measurements were 
performed also at Micromeritics, using the AutoPore IV equipment.  The intrusion 
pressure and pore size was related using the Washburn equation.  Since the Washburn 
equation is based on cylindrical capillaries with circular openings, the specific surface 
area based on the voidal pore structure was calculated using a cylindrical pore model 
assumption.  The pressure range used in the mercury porosimetry was between 1.3 - 
60.000 psi, corresponding to a pore diameter range from 150 um to 4nm.   
 
 
Ultrasonic in-plane and out-plane testing 
 
Wave propagation at ultrasonic frequencies provides a method for non-destructive 
analysis of paper moduli. The method is based on the dependency of the velocity of the 













    ,where 
 
    V= ultrasound propagation velocity (m/s) 
    C= elastic stiffness constant (N/m2) 
    ρ= density of the material (kg/m3) 
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The measurements of all nine orthotropic elastic stiffness constant was first shown by 
Mann et al.[157], and later developed and refined for out-of-plane elastic stiffness 
constant by Habeger et al [158] . 
    
In this research the in-plane longitudinal (C11) and shear moduli (C66) were tested using 
an automated IPST ultrasonic in-plane robot tester. The Poisson ratios were also 
calculated based on the in-plane longitudinal and shear moduli. Also out-of plane 
longitudinal modulus (C33) was measured using a different tester, where two 
piezoelectric transducers facing each other on opposite sides of the sample are used to 
launch a pulse through the sheets and to record the transmitted signal. The incident 
pulse has a frequency close to 1 MHz. Soft neoprene interfaces are used to reduce the 
variability caused by the heterogeneous sample surface. The transit time through the 
sheet is obtained by cross-correlating the transmitted pulse through it with a reference 
pulse obtained from a material with known elastic properties (thin aluminum shim). 
 
    
    








Cross-sectional sample preparation and Scanning Electron Microscope (SEM 
imaging) 
 
Cut handsheets were embedded into epoxy resin using the mixing procedure shown in 
Table 5. The resulting epoxy stub was then polished using 6 different grit sizes (120, 
320, 800, 1200, 2400 and 4000). The first three coarse grinding was done using a 
grinding machine, and the last three were polished by hand.  
    







After polishing the stub was etched for 5 minutes in a solvent consisting of 4 grams of 
KOH pellets in 20 ml of 100% methyl alcohol and 10 ml of propylene oxide. After etching 
the samples were thin film cold coated. The cross-sections of the sheets were analyzed 
using secondary electron image. 
 
 
Fines bromination and SEM imaging of brominated fines fiber mixed sheets 
 
30 O.D. grams of 35 CSF Norway spruce TMP P200 fines was halogenated with 
bromine. Then brominated fines were mixed in with the R48 fiber fraction obtained from 
the same pulp (10%, 25% and 45% P200 fines in R48 fiber sheet) and inspected in 
SEM. No allowance was made for the weight of the bromine in the treated fines.  
Bromination was done following the procedure described by de Silveira et al. [159]. 10 
mL of liquid Bromide (Br2) was added into 30 O.D. grams of fines. The bromination was 
conducted at room temperature letting the bromide react for 2 hours, by mixing every 5 
minutes. After 2 hours of bromination the fines were washed 6 times using a dense glass 
fiber filter paper (Whatman 934 AH). The total bromine content of the fines was 7.3% by 
weight, measured using a method described below. 
 
 
Ingredients          ml 





The total Bromine content of the halogenated fines was determined by combusting the 
paper in an oxygen bomb, washing the bomb with water after combustion and 
quantifying bromide ion by capillary ion analysis. The sample was combusted using a 
Parr Bomb. The sampling technique used was chosen because we expected to find a 
trace amount of bromine in the sample.  The entire handsheet was cut into small pieces 
and weighed into 3 separate stainless steel crucibles.  2 ml of water was placed in the 
bomb, the sample and fuse wire were then placed into the bomb and it was charged with 
oxygen.  To minimize the nitrate formed the oxygen was vented from the bomb to flush 
out air (nitrogen) and then the bomb was refilled.  The bomb was then placed in a water 
bath and the sample ignited.  Once the water bath reached an equilibrated temperature 
the bomb was removed and vented.  A small amount of water was used to rinse the 
sampling crucible and the next aliquot was placed in the bomb and combusted in the 
same manner.  This was repeated for a total of 3 burns.  All combustion products were 
collected in the same bomb; it is not rinsed between samples.  After all combustions 
were completed the bomb was rinsed and collected to a known volume.  This solution 
was then analyzed using Electrophoretic Capillary Ion Analysis, against a calibration 
curve for bromide ion.  The sample was diluted as necessary to keep the peaks of 
interest in the calibration range.   
 
Cross sectional samples of the brominated fines (P200) and fiber (R48) mixed sheets 
were prepared using a method, where small pieces of cut handsheets (3mm X 10 mm) 
were embedded in an epoxy polymer of low viscosity. The resulting capsules were 
trimmed and cut using a microtome (diamond blade) in order to produce a sufficiently 
smooth surface for imaging. Then the cut capsules were mounted on a carbon stub, and 
the stub with the capsule was carbon coated with ultra thin carbon layer using 






   
 
Figure 20. Carbon coated cross-section capsules of brominated fines (P200) and fiber 
(R48) mixed sheet samples.  
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Results and discussion 
Chapter 1: Study of the applicability of the Ingmansson and Thode method 





In mechanical pulps two factors are generally adequate to describe the properties of 
these pulps. These factors are bonding and fiber length. Bonding has been traditionally 
described with two separate variables: bonded area and specific bond strength. For 
practical purposes it is important to separate these two variables, because bonded area 
affects the optical and strength properties, whereas specific bond strength is only 
reflected in the strength properties of the sheet. In chemical pulps the Ingmansson and 
Thode method is traditionally used to distinguish between these two parameters. 
However, in mechanical pulps wet pressing does not induce enough bonding in order to 
determine these parameters. In this paper the problem is circumvented by using press 
drying to induce bonding. It is shown that efficient bonding increase of mechanical pulp 
can be achieved by press drying the sheets until they approach their 50% relative 
humidity moisture content. The use of higher temperatures decreases the time to dry the 
sheet, and thus the time to produce the bonded sheet. The use of elevated pressing 
pressures in press drying significantly induces bonding in all the fractions in mechanical 
pulps, and ultimately produces extended tensile strength scattering coefficient 
relationships, similar to those of Ingmansson and Thode method in chemical pulps. Two 
approaches were used to separate specific bond strength from specific bonded area 
(Page equation and linear model). Although fundamentally different, both approaches fit 
the data well. The problems related to the applicability of Ingmansson and Thode 




In terms of fiber development, in mechanical pulping most of the energy is consumed in 
the creation of specific surface area, and is created though fiber separation, cutting and 
peeling, always creating a significant amount of very high specific surface area fine 
particles [2, 11, 16, 26, 160]. This created specific surface area significantly helps the 
consolidation of the sheet in drying through the Campbell’s forces [98]. However, it has 
been shown that not all specific surface area created in the process is similar in quality, 
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but the papermaking characteristics are specific to each raw material, process 
configuration and specific energy consumption level [2, 8, 9, 13, 26, 28, 30, 56, 161, 
162]. 
 
Generally mechanical pulps can be characterized using two principal components [7, 61, 
62]. These components have been identified to be related to the fiber length of the pulps 
and bonding of the sheet. Traditionally the bonding of mechanical pulps has been 
characterized using z-directional strength testing [38], or from a pulp slurry using specific 
surface area measurements of various fractions [7, 19]. Bonding can be separated into 
two independent variables: bonded area and specific bond strength [1, 60]. This 
separation has been often strongly criticized, mainly due to several observations that 
relate bonding strength to the fiber properties, indicating that specific bond strength is 
not an intrinsic bond characteristic, but rather a description of the fiber-bond-fiber system 
[1]. For practical purposes the separation of bonded area from specific bond strength is 
important, due to the fact that bonded area affects both strength and optical properties, 
where specific bond strength, by definition, has no effect on the optical properties. This 
is especially important for pulps that are used for their optical properties but lack 
strength, i.e. mechanical pulps.  
 
The Ingmansson and Thode [59] wet pressing method is the most widely used method in 
chemical pulps for determining bonded area [104, 118]. In the method the sheet strength 
is increased using wet pressing. At the same time the scattering coefficient decreases, 
which is shown to correlate with nitrogen absorption specific surface area, indicating an 
increase in bonded area. In order to determine the total unbonded free area of dry fibers, 
which is needed in determining the bonded area, the scattering coefficient is 
extrapolated to zero tensile strength (zero bonding). Although considered as crude 
method, it still remains the only readily applicable method for estimating bonded area in 
chemical pulps [117, 118]. In mechanical pulps this subject has been rarely approached, 
and thus the understanding related to the significance of bonded area and specific bond 
strength is nowhere close to that of chemical pulps. In order to rise to the level of 
understanding comparable to where the paper physics community is in chemical pulp 
structures, it is essential that research should be directed to the understanding of 
bonding in these heterogeneous mechanical pulp structures. The logical approach is 
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then to use the Ingmansson and Thode method, which is fairly well understood by the 
paper physics community. 
  
However, traditional wet pressing does very little to the mechanical pulp sheet, leaving it 
fairly uncollapsed and porous, indicating that the bonding can not be sufficiently 
increased [50, 143]. This can be attributed to the high lignin content of these pulps. The 
fiber wall in mechanical pulps fibers has a significant amount of lignin [2], which is not 
plasticized under normal temperatures [149], and thus the fibers cannot be sufficiently 
collapsed in wet pressing. Also surfaces of all the particles in the pulp have a significant 
proportion of their total area covered by lignin [55], which has been shown not to form 
adhesive properties at temperatures below their softening temperature [25]. This implies 
that the bonding of mechanical pulps can be significantly increased when higher 
temperatures are used in pressing. 
 
Press drying has been shown to increase collapse of fibers and increase bonding in 
lignin rich pulps, observed as significant reduction in scattering coefficient and increase 
in tensile strength [50, 148]. Thus, it is of interest to increase bonding of mechanical 
pulps using a modified Ingmansson and Thode method, where higher temperatures are 
used to plasticize the material that is to be bonded, as is the case in chemical pulps. 
 
In this paper a series of experiments with variable pulps and pressing methods were 
collected into one large publication. Thus, this publication serves as a starting point for 
guiding the direction of further research on understanding the applicability of the 
Ingmansson and Thode method in mechanical pulps. The main objective of this paper 
was to study the applicability of press drying to obtain Ingmansson and Thode method 
type scattering coefficient-tensile strength relationships in mechanical pulps. Here the 
effect of time, temperature and pressure was elucidated in order to select the optimum 
pressing conditions for press drying of mechanical pulps. Also fundamental aspects of 
bonding-tensile strength relationship in mechanical pulps were studied using two 
distinctly different approached: negligible fiber failure model (linear) and significant fiber 







Time, temperature and pressure study: A commercial printing and writing grade (35 
CSF) Norway spruce TMP was hot-disintegrated according to the Tappi standard (T-
262). Handsheets were made using a standard British handsheet mold with white water 
recirculation. Sheets were pressed at various temperatures, pressures and pressing 
times directly after couching. The pressing was conducted between cintered porous 
metal plates (Mott corporation, 1/8 inch thick, 2 µm average pore size), using an 
automated press equipped with two heated platens. Scattering coefficient was measured 
using the Tappi (T 1214 sp-98) standard with 572 nm wavelength. Tensile strength was 
measured using the Tappi (T 494) standard, but with the exception of a reduced span 
length of 2 inches and reduced strain velocity.  This adjustment was done to minimize 
the effect of faulty strip edges due to strip cutting. The 0.5 inches/min strain velocity was 
used, in order to be able to gather enough data points (20 points/sec) to produce a 
sound stress-strain curve. 
 
Pulp fractions study: A commercial Southern pine 120 CSF Newsprint TMP pulp was 
used in the study. Pulp was fractionated using the Bauer McNett classifier with 28, 48, 
100 and 200 mesh screens. 20 grams of pulp was fractionated at one time using 30 
minute fractionation time. R100 and R200 were later combined. P200 fraction was not 
collected. All handsheets were wet pressed at 60 psi for 5 minutes before testing. Press 
drying was done using a standard Carver press with installed heated platens on both 
sides. Platen temperature of 130 °C was used, and sheets were pressed for 3 minutes. 
Press drying was conducted using a sandwich of felt, wet blotter, mechanical pulp 
handsheet, chrome plate and filter paper. Fiber length was measured using FQA fiber 
analyzer. Tensile strength was measured using Instron tensile tester according to the 
Tappi standard T-494. Scattering coefficient was measured using a Technodyne 
brightness analyzer using x-filter, at 580nm wavelength, in order to avoid the high 
absorption effect on scattering coefficient. Zero span tensile strength was measured 
using a Pulmac zero span tensile tester. SEM imaging was done from cross-sections 
from a different batch of Southern pine TMP (110 CSF) pulp from the same mill. 
Pressing was conducted as described earlier. The cross-sectional handsheet strips were 
mounted in standard epoxy, then polished using progressively smaller sandpaper grain 
sizes, and eventually etched. 
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Freeze drying study: A commercial hot-disintegrated Southern pine 120 CSF Newsprint 
TMP pulps was used in the study. Prior to press drying handsheets were not wet 
pressed, but only couched. Press drying was done using a standard Carver press with 
installed heated platens. Platen temperature of 130 °C was used, and sheets were 
pressed for 3 minutes. Press drying was conducted using a sandwich of felt, wet blotter, 
mechanical pulp handsheet, chrome plate and filter paper. Wet pressing was conducted 
using a pressing pressure of 60 psi and pressing time of 5 minutes. Wet pressed sheets 




The effect of temperature on the scattering coefficient and tensile strength 
 
Temperature, time and pressing pressure effect studies were conducted with the 
objective to determine the optimum pressing conditions for obtaining a maximum 
extension of the scattering coefficient - tensile strength relationship. 
 
The effect of pressing temperature on the bonding development of mechanical pulp was 
studied using a Norway spruce highly refined (35 CSF) TMP. Sheets were pressed at 49 
psi for 180 seconds, and the tensile strength and scattering coefficient was determined 
(Figure 21).  There was a significant decrease in scattering coefficient and increase in 
tensile strength at temperature above of 100 ºC, which then leveled off as a temperature 





































Pressed at 49 psi and 180 s
 
Figure 21. Tensile strength and scattering coefficient of Norway spruce TMP (35 CSF) 
pressed at 49 psi and 180 seconds using a range of press platen temperatures. 
 
This significant increase in bonding, which manifested itself as the increase in tensile 
strength and decrease in scattering coefficient, was caused by the drying of the sheet 
during pressing, as shown in Figure 22. The bonding began to develop as the sheets 
were dried under pressure below 5 g/g moisture content. At a temperature of 120 ºC the 
sheet was completely dried under pressure, eventually producing a sheet with very high 
bonding. After the sheet was completely dry, the increase in temperature from 120 ºC to 













































Figure 22. Tensile strength and scattering coefficient of Norway spruce TMP (35 CSF) 
pressed at 49 psi and 180 seconds using a range of press platen temperatures. Plotted as 
a function of the sheet moisture content (gram water/gram of fiber) after pressing. 
 
 
The effect of pressing time on the scattering coefficient and tensile strength 
 
The effect of time was studied by pressing Norway spruce TMP (35 CSF) pulp 
handsheets at 100 ºC and 163 psi for 90, 190, 300 and 510 seconds. The bonding 
began to significantly develop after 200 seconds of pressing, eventually reaching a 
maximum approximately at 300 seconds, beyond which the bonding was not significantly 
affected (Figure 23). The obtained minimum scattering coefficient (t-test p=0.998) and 
maximum tensile strength (t-test p=0.656) were the same as were obtained using the 
same pressing pressure but higher temperatures (120 ºC) and shorter time (180 
seconds). Thus, the bonding development at constant pressing pressure was 
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independent of temperature when temperatures above 100 ºC were used and the sheet 






































Pressed at 163 psi and 100 ºC
 
Figure 23. Tensile strength and scattering coefficient of Norway spruce TMP (35 CSF) 
pressed at 163 psi and 100 °C using variable pressing times. 
 
The effect of time on the bonding development was caused by the drying of the sheet 
(Figure 24). Significant increase in bonding was achieved as the sheets were pressed to 
a moisture content of approximately 1.6 g/g, which was significantly lower than in the 
temperature effect series, where the bonding started to develop already at 5 g/g 
moisture content. This can be explained by the different pressing pressures used in the 
two studies. In the time effect study higher pressing pressures were used, which created 
















































Figure 24. Tensile strength and scattering coefficient of Norway spruce TMP (35 CSF) 
pressed at 163 psi and 100 °C using variable pressing times. Plotted as a function of sheet 
moisture content (gram water/ gram fiber) after pressing. 
 
 
The effect of time and temperature on the bonding development compared at a 
constant moisture content after pressing 
 
The time and temperature affected the drying of the sheet during pressing. Here the 
effect of time and temperature was studied independent of the drying effect by plotting 
the scattering coefficient and tensile strength as a function of sheet moisture content 
after pressing for sheets pressed at constant pressure but various temperatures and 
times. Scattering development was independent of time and temperature, as shown in 
Figure 25, where the scattering coefficient of sheets pressed at 163 psi using variable 
pressing times and temperatures plotted on a single curve as a function of sheet 






























Pressed at 163 psi
 
Figure 25. Scattering coefficient of Norway spruce TMP (35 CSF) pressed at 163 psi using 
variable pressing times and temperatures. Plotted as a function of the sheet moisture 
content (gram water/ gram fiber) after pressing. Pressing time and temperature were 
varied. 
 
Tensile strength development as a function of sheet moisture content after pressing was 
dependent on the pressing temperature (Figure 26). Sheets pressed at 23 ºC had 
slightly higher tensile strength at a constant end moisture content of the sheet after 
pressing than sheets pressed at elevated temperatures. However, the temperature 
dependency of the tensile strength decreased as the sheets were pressed to lower 
moisture content by using longer pressing times, eventually converging into a common 




























Pressed at 163 psi
 
Figure 26.  Tensile strength of Norway spruce TMP (35 CSF) pressed at 163 psi using 
variable pressing times and temperatures. Plotted as a function of sheet moisture content 
(gram water/ gram fiber) after pressing. Pressing time and temperature were varied 
 
The lower tensile strength of sheets pressed at higher temperatures, above 50 ºC, 
compared at constant sheet end moisture content after pressing was explained by the 
difference in the consolidation mechanism of the sheets at various temperatures. Figure 
27 depicts the density development as a function of the sheet moisture content after 
pressing. Sheets pressed at 23 ºC and constant pressing pressure had higher densities 
at constant moisture content, producing a more consolidated sheet. This was likely due 
to the lower surface tension of water at higher temperatures, which reduces the 
































Pressed at 163 psi
 
Figure 27. Apparent density of Norway spruce TMP (35 CSF) pressed at 163 psi using 
variable pressing times and temperatures. Plotted as a function of sheet moisture content 
(gram water/ gram fiber) after pressing. Pressing time and temperature were varied. 
 
 
The effect of pressing pressure on the scattering coefficient and tensile strength 
 
The effect of pressing pressure independent of sheet moisture content after pressing 
was studied using a pressing temperature of 120 ºC and pressing sheets for 180 
seconds. This resulted in that all sheets were dried under a pressing load. The pressure 
was varied between 0 and 330 psi. The increase in tensile strength was associated with 
a consistent decrease in scattering coefficient, showing a very sensitive response to the 
applied pressing pressure (Figure 28). Ultimately the tensile strength was maximized at 






































Figure 28. Tensile strength and scattering coefficient of Norway spruce TMP (35 CSF) 




Bonding development of mechanical pulp fractions in relation to whole pulp 
bonding 
 
Whole pulp TMP showed efficient response to variable press drying pressure, ultimately 
producing sheets with significantly higher bonding, which manifested itself as increased 
tensile strength and decreased scattering coefficient. In order to examine the effect of 
pressing pressure on the various sheet components (pulp fractions) a Southern pine 
Newsprint grade TMP (110 CSF) pulp was fractionated using a Bauer-McNett apparatus 
into a long fiber (R28), short fiber (R48) and middle fractions (R200). The pressing 
response of individual fractions was compared to the response of the whole pulp. Figure 
29 depicts how all individual fractions reduce scattering coefficient as a function of 
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pressing pressure. In addition, the scattering coefficient reduction for all fractions 
showed similar response to the pressing pressure at high pressing pressures as the 
whole pulp, indicating a homogenous bonded area development of all fractions in the 
whole TMP pulp. At low pressing pressures the reduction in scattering coefficient of the 
whole pulp was more due to the reduction of scattering of the middle fraction (R200), 
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Figure 29. Whole TMP pulp and TMP fractions scattering coefficient as a function press-
drying pressure. Platen temperature 120 °C. 
 
 
Homogeneous bonding increase of all fractions was further supported by the increase in 
tensile strength as a function of pressing pressure (Figure 30). All fractions increased 
tensile strength following the shape of the tensile strength increase of the whole TMP. 
The long fiber fraction (R28) showed slightly slower tensile strength development from 
the rest of the fractions as a function of the pressing pressure at the low pressing 
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Figure 30. Whole TMP pulp and TMP fractions tensile strength as a function press-drying 

















Sheet collapse in press drying 
 
The cross-sectional SEM images of whole pulp Southern pine TMP revealed a 
significant consolidation of the sheet in z-direction as the press drying pressure was 
increased. In Figure 28 it was shown that the whole pulp TMP significantly decreased its 
scattering coefficient as a function of pressing pressure. Comparing the wet pressed 
Tappi standard sheet in Figure 31 with the low pressure press dried sheet in Figure 32, 
there was a significant decrease in scattering coefficient and increase in tensile strength 
without a significant change in caliper. This further reinforces the earlier observation 
(Figure 27) of an altered consolidation mechanism when pressed above the glass 
transition temperature of lignin, which is possibly due to the efficient middle and fines 
fraction bonding ability at higher temperatures as shown in Figure 29.  Ultimately, at high 





















Figure 32. Tappi standard sheet hot 















Figure 33.Tappi standard sheet hot 













Figure 34 .Tappi standard sheet hot 












Figure 35.Tappi standard sheet hot 












Figure 36.Tappi standard sheet hot 










Scattering coefficient and tensile index relationship 
 
As was shown earlier all the fractions followed the logical increase in tensile strength as 
the scattering coefficient was decreased by using higher press drying pressures. The 
result was that when scattering coefficient was plotted against tensile strength similar 
relationships were obtained as when using the Ingmansson and Thode method for 
chemical pulps. These scattering vs. tensile strength relationships were plotted in Figure 
38 -Figure 40, using a linear model and the Page equation to explain the data. The use 
of a linear model assumes a linear relationship between bonded area and tensile 
strength. This assumption is correct in light of the Shallhorn-Karnis equation [24] for 
negligible fiber failure during the sheet fracture in tensile test. However, the introduction 
of a fiber failure mechanism results in curvature in the scattering vs. tensile index 
relationship, where additional bonded area has less impact on the tensile strength at 
high levels of bonding, as more fibers are broken in the fracture zone. This type of 
behavior was seen for R28 and R48 fiber fractions. Another plausible explanation for the 
non-linear behavior of the fiber fraction is derived from the morphology of the fibers. In 
fiber fraction roughly half of the scattering surface area is located in lumens, which do 
not add to the bonded area. However, as fibers are collapsed these lumens reduce 
scattering surface area without contributing to the bonding or to tensile strength. In 
whole TMP pulp there are also fiber lumens present, but their contribution to the total 
surface area is only a fraction of that in a pure fiber sheet. Thus it is expected that the 
slight nonlinearity observed in whole TMP is not so much due to the lumen collapse as it 
due to a possible fiber failure mechanism.  
 
The negligible fiber failure, linear relationship, was supported by the plot in Figure 37, 
where a whole pulp Southern pine TMP pulp sheets were press dried, Tappi standard 
pressed and freeze dried at -72 °C and the tensile strength was plotted against the 
scattering coefficient. All the various pressing types plotted on a common line. In 
addition the tensile strength at zero scattering coefficient was 71.26 Nm/g, which was in 
the proximity of the 8/9 of the measured zero span tensile strength (73.06 Nm/g). The 
resulting So was 102.7 m2/kg, which translates into 2.28 m2/g specific surface area, using 
Haselton’s conversion factor of 0.045. This is in the proximity of the highly refined total 
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Figure 37. Tensile strength vs. scattering coefficient of Southern pine TMP (110 CSF) press 




Applying Page equation and linear model to separate specific bond strength and 
specific bonded area in mechanical pulps 
 
Here two fundamentally different approaches were used to separate specific bond 
strength from specific bonded area. The first approach assumes a fiber failure to occur 
at low bonding (Page equation), whereas the second neglects the fiber failure 
mechanism throughout the whole bonding range (Linear model). These two approaches 
can be considered as the two extremes in the bonded area-tensile strength relationship, 
where the fiber failure neglecting approach produces a linear relationship and the 
significant fiber failure approach regime produces a non-linear relationship. 
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The semi-empirical Page equation [60], which was originally developed based on 
observations from homogeneous chemical pulps, provides a tool where a fiber failure 
mechanism is included in the bonded area tensile strength relationship even at low 










+=   Equation 13 
 
where T is the tensile strength (in kilometers), Z zero span tensile strength, b specific 
bond strength, L arithmetic fiber length and α is the bonded area per gram of fibrous 
material.  
 
Considering a domain where fibers do not break in the fracture the equation can be 








=   Equation 14 
 
 
The term g (acceleration due to gravity) can be omitted from both equations if a specific 
stress (Nm/g) is considered for terms T and Z. 
 
In order to be able to use the equations 12 and 13, a coefficient is needed to convert 
scattering coefficient to specific surface area. Haselton [111] measured BET nitrogen 
absorption specific surface areas of wet pressed and refined chemical pulps at various 
levels of bonded area. He was able to show a linear correlation between scattering 
coefficient and specific surface area with an approximate slope of 0.045 (m2/g vs. 
m2/kg), passing very close to the origin. This has been later confirmed by Scallan and 
Borch [124, 164]. Rennel [115], has shown that the conversion factor of Haselton is also 
a close approximation for mechanical pulps. 
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Using the conversion provided by Haselton the scattering data was converted into 
specific surface areas. Then least squared Page equation fit and a linear fit were done 
for each individual fraction and whole pulp, letting the total unbonded specific surface 
area and specific bond strength float, using both equations 12 and 13. 
 
In Figure 38 -Figure 40 the linear and Page equation models are presented for each 
fiber fraction individually, as well as for the whole pulp. Summary of the results are 
shown in Table 6.  
 
Table 6. Page equation and linear equation based total unbonded specific surface area 
(So), specific bond strength and R2 of the models. 
 
Pulp Page equation Linear model
So Specific bond strength So Specific bond strength
m2/g dynes/cm2 X107 R2 m2/g dynes/cm2 X107 R2
R28 0.696 1.174 0.941 0.720 0.753 0.912
R48 0.792 1.387 0.952 0.826 0.884 0.926
Whole pulp 1.473 3.758 0.970 1.850 0.837 0.986  
 
 
The use of non-linear models instead of linear models had very little impact on the total 
variance explained (R2). In fact the linear models predicted the tensile strength of whole 
pulp better than the non-linear Page equation fit.  The major differences between the 
models were seen in the total unbonded specific surface area (So) and specific bond 
strength. The total unbonded specific surface areas predicted by the Page equation 
were lower than those of linear model, especially in whole TMP. Linear models predicted 
a fairly constant specific bond strength for all the fractions including the whole pulp, 
whereas the Page equation fit predicted significantly higher specific bond strength for the 
whole pulp than for the long (R28) and short (R48) fiber fractions. However, the specific 
bond strength values obtained here using Page equation or linear models were not in 
agreement with the literature values. For example Thorpe et al. [165] reported shear 



































In this study it was shown that press drying produced similar scattering coefficient vs. 
tensile strength relationship in mechanical pulps as the Ingmansson and Thode wet 
pressing method has been shown to produce in chemical pulps. Significant bonding 
increase of a mechanical pulp can be achieved by press drying the sheets until they 
approach their 50% relative humidity moisture content. The use of higher temperatures 
decreases the time to dry the sheet, and thus the time to produce the bonded sheet. 
Bonding can be further increased by applying higher pressing pressures, eventually to a 
point where no additional increase in tensile strength can be achieved.   
 
However, there are several aspects that need to be addressed before the press drying 
assisted Ingmansson and Thode method can be applied to explain strength properties of 
heterogeneous structures. In pressing, a force is applied through the sheet in order to 
assist the collapse of the material under pressure. Mechanical pulps consist of extremely 
heterogeneous material, ranging form nanoscopic fine particles to microscopic fibers. 
These different components represent different morphologies and often also slightly 
different chemical compositions. Although it was indicated here that press drying 
increases bonding of individual fractions the same rate as the whole pulp, it is likely that 
certain fractions in the sheet will restrict the collapse of the sheet, whereas others will 
bond readily. This is especially likely in the case of fiber-fines mixtures, which were not 
studied in this paper.  
 
It was indicated in this study that the consolidation mechanism of the mechanical pulp 
sheet is dependent on the temperature used to press dry the sheet. This is in agreement 
with earlier findings where significant bonding without altering the density of the sheet 
has been achieved when higher pressing temperatures were used [144, 154, 156]. 
There are indications that this bonding without consolidation is related to the increased 
bonding ability of the finer fractions in the sheet [155, 156]. It is likely that two same pulp 
sheets with two different densities and constant bonded areas have different tensile 
strengths due to the distance affected stress-transfer ability between bonded elements 
of the sheet, manifesting itself as a difference in specific bond strength when press dried 
and wet pressed sheets are compared.  
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Due to the limited amount of research done with mechanical pulps, it is unclear whether 
scattering coefficient accurately reflects the specific surface area of the material. Despite 
the extensive work of Rennel [115], there are indications that the “detection” ability of 
scattering coefficient is limited to certain pore sizes, possibly depending on the 
wavelength of light used to measure scattering coefficient [126]. Thus, it is unclear if the 
reduction in scattering coefficient in the press drying assisted Ingmansson and Thode 
method accurately reflects the change in bonded area. 
 
The efficient use of Ingmansson and Thode method relies on a theoretical relationship 
between bonded area and tensile strength. It is generally believed that these low 
bonding mechanical pulp structures can be explained by two factors; fiber length and 
bonding. In respect to Ingmansson and Thode method this means that the equation 
relating bonding and tensile strength is likely linear, as was suggested by Shallhorn and 
Karnis. However, there are indications that a third factor is necessary in explaining the 
strength of mechanical pulps. So far, the evidence points into a new factor that is 
possibly related to the strength of fibers [3, 5, 6, 27, 48, 66]. If the fiber strength is 
important already at low bonding levels, it would indicate that an equation similar to the 
Page equation would provide the needed fit for relating bonding and tensile strength, 
where fibers are assumed to break even at low bonding levels. The fact that in this study 
a fiber-failure emphasizing model (Page equation) predicted the fiber fraction data better 
than a fiber-failure neglecting linear model, and a linear model predicted the whole TMP 
data better than the Page equation, indicates that the correct bonding-tensile strength 
relationship is likely a combination of these two models, where the fiber fraction 
undergoes fiber failure and finer fractions pure bond failure.  
 
Indications of the above mentioned problems related to the applicability of the 
Ingmansson and Thode method in mechanical pulps was reflected into the specific bond 
strength values. The values obtained here were significantly lower than were obtained 









In mechanical pulps two factors are generally adequate to describe the properties of 
these pulps. These factors are bonding and fiber length. Bonding has been traditionally 
described with two separate variables: bonded area and specific bond strength. By 
definition, specific bond strength is the efficiency of the bonded area to produce bond 
strength. For practical purposes it is important to separate these two variables, because 
bonded area affects the optical and strength properties, whereas specific bond strength 
is only reflected in the strength properties of the sheet. In chemical pulps the most used 
method to separate these two variables is to use Ingmansson and Thode method and fit 
the Page equation to the tensile scattering relationship, letting specific bond strength and 
total unbonded specific surface area (So) float. In lignin rich mechanical pulps the 
bonding cannot be significantly increased by using wet pressing. This is likely due to the 
fact that lignin, and thus mechanical pulp fibers are not plasticized under normal 
temperatures. In this paper press-drying was used to induce bonding in lignin rich 
mechanical pulp. It was shown that tensile strength increased and scattering coefficient 
decreased significantly when a 130 °C platen temperature and variable pressing 
pressures were used to press mechanical pulp handsheets, indicating that bonded area 
was increased significantly as the handsheets were pressed at elevated temperatures. 
The significant bonding increase was achieved independent of pressing temperature 
when pressing was carried out above the glass transition temperature of lignin. 
Ultimately similar scattering coefficient vs. tensile strength relationships were obtained 
here for mechanical pulp as have been obtained for chemical pulps using the 
Ingmansson and Thode method. The Page equation and linear models were used to 
separate bonded area and specific bond strength for the press-dried mechanical pulps. 
Both models fitted the data extremely well. It was shown that the predictions of specific 
bond strength and total unbonded surface areas were different depending on the model 
used to relate bonded area and tensile strength. Linear models predicted that the 
specific bond strength of various mechanical pulp fractions and whole pulp are very 
similar, whereas the Page equation showed that the specific bond strength of whole pulp 
TMP is approximately three times larger than that of the fiber fraction. In both cases the 
specific bond strength values were below the earlier literature findings.  
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Relative bonded area (RBA) is an important paper structure-defining parameter that is 
reflected in the strength and optical properties of the paper.  The traditional 
determination of RBA relies on the measurement of specific surface area at various 
bonding states (Ingmansson-Thode method).  The determination of RBA is significantly 
easier if the scattering coefficient can be used as a measure of specific surface area.  
However, in mechanical pulps, where the absorption coefficient might affect the 
scattering coefficient, and the pore size structure is variable, the use of scattering 
coefficient as a measure of specific surface area cannot be taken for granted.  In this 
paper, the fundamental relationship between scattering coefficient and specific surface 
area in mechanical pulps was studied using mercury porosimetry and BET nitrogen 
absorption to measure specific surface area.  It is shown that the scattering coefficient is 
a measure of specific surface area when the wavelength of light used is above that 
which the scattering coefficient is not limited by significant absorption. The limit depends 
on the composition of the sheet and the pressing level and type used to induce bonding.  
However, there was no significant reduction in scattering coefficient in any of the 
samples when the wavelength of light used to measure scattering was above 600nm.  
The scattering efficiency, defined as the ratio of scattering coefficient and specific 
surface area, was fully explained by the wavelength used to measure scattering 
coefficient.  A plausible explanation for the wavelength dependency of the scattering 
efficiency was given, which relates the increase in scattering efficiency to the change in 
refractive index of the material when the wavelength of light to measure scattering 





Kubelka-Munk theory [166] is the only readily applicable approach for estimating optical 
constants in paper [167].  In Kubelka-Munk theory, light flux is treated as two separate 
dependent parameters, and their intensity is determined by the scattering and absorption 
coefficients [132].  K-M Scattering coefficient, defined using the Kubelka-Munk theory, 
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has a special importance in understanding paper structure property-relationship due to 
its physical ability to efficiently reflect the specific surface area of the material [113, 115, 
116, 122, 124-126, 128, 129, 135, 167-173].  Thus, scattering coefficient is a very 
applicable parameter in estimating bonded area in paper and has been widely used for 
this purpose frequently in chemical pulps [113, 122, 168, 170].  However, there are a few 
important limiting factors that need to be addressed before scattering coefficient can be 
used as a measure of specific surface area in pulps which have a very porous structure 
with significant amount of small pores and yield high absorption coefficients, i.e., 
mechanical pulps. 
 
High absorption coefficient effect 
 
It has been shown that the K-M scattering coefficient is significantly reduced at high 
levels of absorption [131-133].  This effect is known as the NAM (Nordman, Aaltonen 
and Makkonen) anomaly [133] or Foote effect [131].  It is not clear whether this 
significant decrease in scattering coefficient at higher absorption is an intrinsic error in 
the Kubelka-Munk theory or an actual physical material property.  In the theory where 
the decrease in scattering coefficient at high absorption is seen as a material property, 
the scattering decrease has been explained to be a combination of two phenomena: the 
influence of the absorption on the surface reflectivity of the cell wall and the absorption 
of light internal to the cell wall [132].  However, it has also been shown using a Discrete 
Ordinate Radiative Transfer (DORT) model that there is an intrinsic error in the K-M 
model at high absorption levels, explaining roughly 20% of the decrease in scattering 
coefficient [134].  It needs to be recognized that when scattering coefficient is to be used 
as a measure of bonding in paper, the wavelength of light used in the measurement 
should be at such a level where the scattering is not affected by the strong absorption 
[135]. 
 
Small pores and light scattering 
 
Davis was the first to suggest that the K-M scattering coefficient should be proportional 
to the specific surface per unit mass of the material [171].  Parsons [173] was the first to 
obtain proof of this.  They used a modified Clark [174] silvering method to measure 
specific surface area of pulp.  Later, Haselton introduced the use of gas adsorption 
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(nitrogen) in determining specific surface area and related it to specific scattering 
coefficient of paper [170].  Haselton found a linear correlation between scattering 
coefficient and nitrogen adsorption specific surface area of sulphite pulps refined and 
wet pressed to different levels of bonding.  The correlation obtained by Haselton showed 
a linear slope of 0.045 (or 45.0 based on m2/kg scattering and m2/g specific surface area 
units).  Later, Rennel [115] showed similar linear relationships between scattering 
coefficient and nitrogen gas adsorption specific surface area (wavelength used in 
scattering measurements was not mentioned) for various pulps wet pressed and refined 
to different levels of bonding.  In his data, all pulps produced unique scattering 
coefficient and gas adsorption specific surface area relationships.  Also, Swanson and 
Steber [113] showed that each type of pulp has a unique nitrogen adsorption/scattering 
coefficient relationship; however, the relationship approached a similar value of 0.044 (or 
44.0 based on m2/kg scattering and m2/g specific surface area units) for the linear slope 
at higher wavelengths of light (650nm).  Rennel also obtained similar linear slopes using 
cylindrical model fibers of glass, as long as the diameters of the glass fibers remained 
larger that 1 micrometer, or the specific surface area approximately below 1.5 m2/g.  In 
1959 Van den Akker (mentioned in [113]) made an interesting observation that 0.044 is 
approximately the value which would be expected by application of Fresnel’s law of 
reflection to a diffusely reflecting body of randomly oriented fibers.  This has been later 
demonstrated theoretically, using Stoke’s approach for layered paper structures, to be 
an accurate approximation by Scallan and Borch [124, 164]. 
 
However, there are indications that the ability to detect surface area is limited by the 
wavelength of light used in the scattering coefficient determination.  Swanson and 
Steber [113] as well as Ingmansson and Thode [168] showed that by using lower 
wavelengths of light the measured scattering coefficient increased, depending on the 
pulp used. This behavior has also been observed in mechanical pulps [175].  
 
The effect of particle shape on the scattering efficacy of various types of fibers was 
studied first by Arnold [125], who showed that the light scattering coefficient was greater 
for dog-bone shaped fibers than circular ones.  Later this was confirmed by Rennel 
[122], who utilized model glass fibers with variable cross-sectional shapes and showed 
that each shape represented unique nitrogen absorption specific surface area and light 
scattering relationships (at 557 nm wavelength of light and a specific surface area range 
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between 0.2 m2/g to 0.37 m2/g).  The reason for this type of behavior was attributed to 
the possible variable pore size distribution in the sheet by stating ”It should be borne in 
mind, however, that the determinations of the light-scattering coefficient and surface 
area (BET) are not concerned with the same thing.  The former applies to surfaces down 
to a distance about 500-600 Å, whereas the nitrogen molecule, which measures 3.6 Å, 
record nearly all surfaces – even those not scattering light”.  Later, it was assumed that 
the specific surface area detection ability of light in a pulp sheet is approximately a half 
wavelength of light, based on paint and filler optical research [126-128, 176].  
 
The microporosity approach of paper, measured with mercury intrusion, considers paper 
to be a continuous solid phase containing air voids that are the light scattering elements.  
Using this approach, Alince et al. [126], Fineman et al. [128], and Rundlöf et al. [129], 
have shown that there is a correlation between the void specific surface area and 
scattering coefficient in paper; however, the correlation is better when void pores smaller 
than 100-200nm are excluded from the data.  This is believed to be due to the 
experimental observations that only voids with the size in the proximity of the wavelength 
of visible light are optically effective.  Interestingly, the relationship between the 
cumulative specific pore area above 200nm and scattering coefficient from the data from 
Alince et al. produces a linear correlation following the approximate slope of 0.045 (up to 
approximately 1.5 m2/g mercury intrusion specific surface area, after which a slight 
curvature appears).  This indicates that the minimum optically-effective pore sizes are in 
the range of 200nm.  However, these results are not in agreement with the BET nitrogen 
adsorption results, wherein similar slopes between scattering coefficient and specific 
surface area were detected. The detection ability of the nitrogen adsorption method is 
related to the size of the nitrogen molecule, and thus pores down to the size of 3.6 Å 
should be detected.  
 
The main objective of this paper was to relate scattering coefficient and specific surface 
area in mechanical pulps at various wavelengths of light, and also to determine the 
limiting absorption coefficient beyond which the scattering coefficient is significantly 






Fiber middle and fines fractionation:  The Bauer McNett apparatus was used to 
fractionate a hot disintegrated 110 CSF Norway spruce (Picea abies) unbleached TMP.  
R48 fraction (all above R48) R200 and P200 fraction was collected.  P200 fraction was 
collected using the sedimentation method.  The R48 fiber fraction was fractionated twice 
in order to achieve a near pure fiber fraction without any fines present. 
 
Handsheet forming:  Handsheets were formed using a standard Tappi handsheet mold 
with 150 mesh screen and recirculation of whitewater.  Fines handsheets were formed 
on a dense glass fiber filter paper.  Fines contents of the fiber- fines mixed sheets were 
measured from the formed handsheets using the DDJ method, T 261 cm-00.  All 
handsheets were restrain-dried if not dry after pressing.  The target handsheet basis 
weight was 60 g/m2 O.D. 
 
Wet pressing:  Couched handsheets were not pressed.  Wet pressing was conducted at 
65, 489 and 978 psi’s and 23ºCْ using a carver press and 3 blotter papers on one side 
and a chrome plate on the other side of the handsheet.  Wet pressed handsheets were 
pressed for 1 minute. 
 
Press drying:  Press drying was conducted at 6 pressing levels 0, 0.8, 8.1, 16.3, 48.9 
and 163 psi’s.  Individual handsheets were pressed between hot plates heated to 120ºCْ 
and a sandwich that consisted of a felt, wet blotter (to increase drying time and humidity 
above 100ºCْ), handsheet, chrome plate, and a filter paper (to protect the chrome plate).  
All handsheets were pressed until completely dry. 
 
Testing:  BET was measured at Micromeritics, Norcross, Georgia, U.S.A., using the 
TriStar 3000 nitrogen absorption surface area equipment.  The nitrogen gas partial 
pressure was changed by altering the helium/nitrogen mixture.  The samples were 
degassed at 60ºC. Mercury intrusion porosimetry specific surface area measurements 
were performed also at Micromeritics, using the AutoPore IV equipment.  The intrusion 
pressure and pore size was related using the Washburn equation.  Since the Washburn 
equation is based on cylindrical capillaries with circular openings, the specific surface 
area based on the voidal pore structure was calculated using a cylindrical pore model 
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assumption.  The pressure range used in the mercury porosimetry was between 1.3 – 
60,000 psi, corresponding to a pore size range from 150 µm to 4nm.   
 
The UV/vis spectra were recorded on a Perkin-Elmer Lambda 900 UV/vis spectrometer 
equipped with a diffuse reflectance and transmittance accessory (PELA-1000).  The 
accessory is essentially an optical bench that includes double-beam transfer optics and 
a six-inch integrating sphere.  Background corrections were recorded using a Labsphere 
SRS-99-020 standard.  Reflectance data were measured over a black and a white 
background with known reflectance values.  For each sample and background, an 
average of five measurements was utilized to determine both the light scattering (s) and 
light absorption (k) coefficients.  The absorption and scattering coefficients were 
calculated from the reflectance data by means of the Kubelka-Munk theory and the 
following equations: 








   Equation 15  
   
 



















  Equation 16  
  
 










  Equation 17 
   
where R∞ is the reflectance of an optically thick sample, k is the absorption coefficient 
(m2/kg), s is the scattering coefficient (m2/kg), w is the grammage (kg/m2), RGW is the 
reflectance for the white background, RGS is the reflectance for the black background, RW 
is the reflectance for the sample over a white background, and RS is the reflectance for 










The method used in the analysis was similar to that of Rundlöf et al. [175], where the 
scattering and absorption coefficients were measured at a broad range of wavelengths, 
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Figure 41.  Scattering coefficient at various wavelengths of fines (P200), whole pulp (TMP) 
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Figure 42.  Absorption coefficient at various wavelengths of fines (P200), whole pulp (TMP) 
and fiber (R48) sheets wet pressed and press dried to various levels of bonding. 
 
The range between the scattering coefficient at the highest wavelength 800 nm and the 
maximum scattering coefficient was considered as the range where scattering coefficient 
was not affected by the strong absorption. For this range, a linear least significant 





Figure 43.  Scattering coefficient wavelength dependency of fines sheet press dried at 
120ºC and 48.9 psi pressure. 
 
The linear least square correlation results for all the samples included in the study are 
shown in Table 7. Also the range of wavelengths where the scattering coefficient was 
not affected by strong absorption is shown. 
Table 7. Linear correlation slopes, intercepts, applicable range and R2 values for all 
samples. 
Sample Pressure Temperature Time s (scattering)=xλ(wavelength)+c Applicable λ range, nm
psi  ºC min Slope Intercept R2 min max
Fines couched 0 23 0 -0.0383 157.71 0.8319 526 800
Fines wet 2000 65 23 1 -0.0438 153.57 0.9098 561 800
Fines wet 15000 489 23 1 -0.0416 134.21 0.8913 531 800
Fines wet 30000 978 23 1 -0.0381 123.96 0.933 540 800
Fines hot 0 0 120 6 -0.0409 139.76 0.908 557 800
Fines hot 30 0.8 120 6 -0.0257 102.08 0.8821 649 800
Fines hot 250 8.1 120 5 -0.0246 94.283 0.9383 608 800
Fines hot 500 16.3 120 4 -0.0269 90.866 0.9712 514 800
Fines hot 1500 48.9 120 3 -0.0238 69.708 0.9864 533 800
Fines hot 5000 163 120 3 -0.0225 57.394 0.9959 442 800
Fiber hot 5000 163 120 3 -0.0074 22.734 0.991 440 800
TMP couched 0 23 0 -0.0223 83.651 0.93 492 800
TMP wet 2000 65 23 1 -0.0304 87.25 0.9893 482 800
TMP wet 5000 163 23 1 -0.0297 84.207 0.9902 471 800
TMP wet 15000 489 23 1 -0.0289 82.036 0.9896 475 800
TMP wet 30000 978 23 1 -0.0324 80.588 0.9861 415 800
TMP wet 2000 on 65 23 1440 -0.0247 73.531 0.98 474 800
TMP hot 0 0 120 6 -0.0237 77.79 0.9754 446 800
TMP hot 30 0.8 120 6 -0.0186 61.168 0.9929 483 800
TMP hot 250 8.1 120 5 -0.0215 58.266 0.9942 440 800
TMP hot 500 16.3 120 4 -0.0199 54.502 0.9962 479 800
TMP hot 1500 48.9 120 3 -0.0177 46.718 0.9961 449 800
TMP hot 5000 163 120 3 -0.014 34.6 0.9711 398 800
TMP hot 10000 326 120 3 -0.0113 29.021 0.9978 442 800  
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The slope of the scattering dependency of the wavelength of light was related to the 
intercept of the same relationship (Figure 44), and also specific surface area obtained 
from the BET measurements (not shown here), clearly showing a stronger wavelength 
dependency of K-M scattering coefficient at higher specific surface area. This indicates 
that the slope of the scattering coefficient-wavelength dependency was also a factor of 
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Figure 44.  Scattering coefficient wavelength dependency linear slope vs. intercept. 
 
The difference in the apparent K-M scattering coefficient and the linear model at various 
wavelengths of light is depicted in Figure 45, which shows that when the wavelength of 
light used in the scattering coefficient was beyond 600 nm, there was no significant 
change in the scattering coefficient regardless of pressing type, level or sheet 
composition.  However, the limiting wavelength was different for each fraction, being 































News TMP, Hot 5000
Fiber, Hot 5000
 
Figure 45.  Reduction is scattering coefficient as a function of wavelength for various 
mechanical pulp whole pulp, fiber (R48) and fines (P200) sheets pressed to different levels 
of bonding. 
 
This also resulted in that the level of absorption at which a significant decreased in 
scattering coefficient occurred was dependent on the sheet composition, as shown in 
Figure 46.  The absolute reduction in scattering coefficient at high absorption was 
related to the level of scattering coefficient at negligible absorption, being higher for the 

































Figure 46. Reduction is scattering coefficient as a function of absorption for various 
mechanical pulp whole pulp, fiber (R48) and fines (P200) sheets pressed to different levels 




Scattering coefficient and mercury porosimetry specific surface area 
 
Earlier studies indicated that the scattering efficiency, defined as the scattering 
coefficient at constant specific surface area, of the sheet void structure is directly related 
to the wavelength of light, and that the optically effective pore size decreases as the 
wavelength of light is decreased.  Thus, herein the K-M scattering coefficient was 
correlated with the cumulative specific surface area obtained from the mercury 
porosimetry pore size distribution measurements, using the hypothesis where the 
highest correlation with these two parameters at various wavelengths of light will be 
obtained when pore sizes close to the proximity of the wavelength of light will be 
excluded from the specific surface area calculation.  In this section the linear wavelength 
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dependence of scattering coefficient, shown in Table 7, was used to study the effect of 
pore size distribution on the scattering coefficient.  The absorption limit was neglected, in 
order to allow the use of all samples throughout this part of the study for a wide range of 
wavelengths.  Specific surface area was calculated from the mercury porosimetry pore 
volume measurements excluding certain pores sizes systematically from the calculation.  
The calculated specific surface areas, where certain pore sizes were systematically 
excluded, were then correlated with scattering coefficients at various wavelengths of 
light. 
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Figure 47. R2 of the linear relationship between scattering coefficient and mercury 
porosimetry specific surface area as a function of the excluded pore sizes. 
 
The initial hypothesis, in which the increase in scattering efficiency at lower wavelength 
of light was explained with the enhanced ability of light to detect smaller pores, was not 
supported. The highest correlation coefficient (shown in Figure 47 as R2) between 
mercury porosimetry and scattering coefficient was obtained when pores smaller than 
284 nm were excluded from the calculation, independent of the wavelength of light used.  
The expected shift to smaller pores sizes at lower wavelengths of light did not occur.  
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However, the scattering efficiency of the calculated specific surface area from mercury 
porosimetry when pores smaller than 284 nm were excluded was still wavelength 
dependent, resulting in higher scattering coefficients for lower wavelengths of light at a 
constant specific surface area, as seen in Figure 48.  No significant differences were 
observed in the scattering coefficient - specific surface area relationship between various 
sheet compositions and pressing conditions. 
 
s(400nm) = 36.678x + 5.0464
R2 = 0.9585
s(500nm) = 35.741x + 4.1587
R2 = 0.9602
s(600nm) = 34.804x + 3.2709
R2 = 0.9617
s(700nm) = 33.868x + 2.3831
R2 = 0.9631
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Figure 48. Mercury porosimetry specific surface area excluding surface area from pores 
smaller than 284 nm vs. K-M scattering coefficient at various wavelengths of light. 
 
The slope and the intercept of the mercury porosimetry specific surface area (excluding 
pores smaller than 284 nm) and scattering coefficient relationship was fully explained by 
the wavelength of light used in measuring scattering coefficient, depicted in Figure 49.  
The slope at zero intercept was 32.675, and was obtained at wavelength of 968.5 nm. 
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y = -0.0094x + 40.425
R2 = 1



























Figure 49. Wavelength dependency of the mercury porosimetry (excluding pores below 
284nm) vs. scattering coefficient slope and intercept 
 
 
Scattering coefficient and BET nitrogen adsorption specific surface area 
 
The BET nitrogen adsorption and scattering coefficient relationship was dependent on 
the wavelength of light used, as was observed for mercury porosimetry.  An increase in 
scattering efficiency was observed as the wavelength of light was decreased (Figure 50).  
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y(400nm) = 49.24x - 0.5932
R2 = 0.9675
y(500nm) = 48.057x - 1.3468
R2 = 0.9676
y(600nm) = 46.873x - 2.1003
R2 = 0.9674
y(700nm) = 45.689x - 2.8539
R2 = 0.9669
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Also here the slope and intercept of the linear relationship was fully explained by the 
wavelength of light used in measuring scattering coefficient (Figure 51).  The linear 
correlation line passed through the origin at 321 nm and the corresponding slope then 
was 50.2.   
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y = -0.0075x + 2.4194
R2 = 1

























Figure 51. Wavelength dependency of the BET nitrogen adsorption – scattering coefficient 






















In this paper it was shown that the increase in scattering efficiency at lower wavelengths 
of light is not due to the increased pore detection ability of the scattered light.  The pore 
size needed to be excluded from the surface area calculation (<284nm) to obtain the 
highest correlation (R2=0.97) coefficient with scattering coefficient was constant 
regardless of wavelength of light used.  However, the scattering efficiency was still 
wavelength dependent, resulting in higher scattering coefficients for lower wavelengths 
of light at constant specific surface area.  These findings were supported by the results 
obtained from the BET nitrogen adsorption measurements. 
 
Scallan and Borch [124, 164], using a multilayer Stokes approach for determining 
scattering coefficient in paper, have shown that for pulps of negligible absorption 
(bleached, or measured at high wavelength of light) the scattering coefficient and 
specific surface area are related according to the following equation: 
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where s is the specific scattering coefficient, r the reflectivity of the material (fiber) and A0 
the specific surface area of the paper. 
 
Reflectivity (r) on the other hand can be expressed using Fresnel equations for negligible 
absorption and normal incidence, with air being the medium, as a function of refractive 
index of the material: 
 









nr     Equation 19   
   
 
Earlier it has been shown that the refractive index of the lignocellulosic fiber material is 
fairly constant, varying only slight depending on the chemical composition of the cell wall 
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(cellulose 1.56, lignin 1.61), and this variation has very little or no significant impact on 
the optical properties of paper [124, 172].  It is known that refractive index of material is 
wavelength dependent; however the variation being small in the visible wavelength 
region, for water for example, ranging from 1.334 to 1.35 at wavelengths from 700nm to 
400nm, respectively [132, 177].  Although the increase in the refractive index appears to 
be minor, the impact on the scattering coefficient – specific surface area relationship is 
accentuated through the relationship between reflectivity and refractive index (equation 
17) as well as between reflectivity and the scattering coefficient (equation 18).  
 
Based on these observations the increase in scattering at lower wavelengths can be fully 
explained by the change in the refractive index of the material as a function of the 
wavelength of light.  As an example, if one is to use the variability in the refractive index 
of water in visible wavelength range, a decrease of 3% in refractive index results in a 
10% increase in the slope of scattering coefficient-specific surface area relationship.  
This 10% increase is comparable with the increase in the slopes obtained in this study 
for scattering coefficient and specific surface area relationship (11%) for the visible 
wavelength range.  
 
The refractive indices calculated using equations 17 and 18 are shown in Figure 52 for 
mercury porosimetry (excluding pores below 284 nm) and BET based on the linear 
relationships between scattering coefficient and specific surface area.  The results 
obtained from the mercury porosimetry linear relationships are significantly below the 
values reported for pure cellulose and lignin [172].  However, the BET-based calculated 
refractive indices yield values in close proximity to those of the pure cell wall constitutive 
polymers (1.52-1.55). The wavelength explains all the variation in the calculated 
refractive index due to the fact that wavelength explained all the variation in scattering 
coefficient – specific surface area slopes. The rate of refraction index decrease is very 
similar to that reported by Parsons [173], where the refractive index of ramie fiber 
decreased from 1.6082 to 1.5969 at wavelengths 486 nm and 656 nm respectively. 
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y (BET) = -8E-05x + 1.586
R2 = 1



























Figure 52. Wavelength dependency of refractive index for mercury porosimetry and BET 
nitrogen adsorption based results. 
 
There is another plausible explanation for the discrepancy between mercury porosimetry 
and BET nitrogen adsorption reported here, and it implies that there is something 
inherently inaccurate in the mercury porosimetry specific surface area measurement.  In 
mercury porosimetry, due to the fact that mercury doesn’t wet fibers, a positive pressure 
is needed to penetrate the mercury into the pore structure.  In order to detect 
nanometer-scale pores, significantly high pressures (up to 60,000 psi) are needed.  It 
has been stated that these high pressures will possibly lead to structural changes in the 
material under investigation [130].  The mercury porosimetry specific surface areas 
when all pore sizes were included in the calculation were significantly higher than that of 
the BET specific surface areas. Thus, it is likely that the low correlation between specific 
surface area measured by mercury intrusion and light scattering coefficient below the 
100-200 nm pore size is due to the destructive nature of the mercury intrusion method.  
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In Figure 53 the linear correlation coefficient (R2 shown) of BET nitrogen absorption 
specific surface area and specific surface area calculated from the mercury porosimetry 
pore volume distribution was plotted against the excluded pore size in mercury 
porosimetry.  The highest correlation coefficient was obtained exactly at the same pore 
size as for the scattering coefficient- mercury porosimetry relationship, 284 nm.  The 
specific surface area detection ability of nitrogen molecule is 3.6 Å, thus it is unlikely that 
the pore size-based highest correlation for the BET-mercury porosimetry correlation 
would be obtained at a pore size of 284nm.  This supports the idea that mercury 
intrusion destroys the sheet beyond 284nm, which corresponds to an intrusion pressure 
of 637 psi. 























Figure 53. R2 of the linear relationship between BET nitrogen adsorption and mercury 
porosimetry specific surface area as a function of the excluded pore sizes. 
 
However, due to the comparable results obtained here for BET nitrogen adsorption and 
scattering coefficient with the earlier findings, and the significant similarity in the 
calculated refractive indices with the pure lignin and cellulose we believe that scattering 




In this paper, the fundamental relationship between scattering coefficient and specific 
surface area in mechanical pulps was studied using mercury porosimetry and BET 
nitrogen absorption to measure specific surface area.  The pulps included in the study 
were sheets of TMP fines (P200), whole pulp TMP and fiber (R48) wet pressed and 
press dried to various levels of specific surface area.  It was shown that the scattering 
coefficient is a measure of specific surface area when the wavelength of light used in 
measuring scattering coefficient is beyond at which the scattering coefficient is not 
limited by significant absorption.  For these samples the limit depended on the 
composition of the sheet and the pressing level and type used to induce bonding.  
However, there was no significant decrease in scattering coefficient in any of the 
samples when the wavelength of light used to measure scattering was beyond 600 nm1. 
 
The scattering efficiency, defined as the ratio of scattering coefficient and specific 
surface area, was a factor of wavelength used to measure scattering coefficient.  It was 
shown using mercury porosimetry pore size distribution data that the increase in 
scattering efficiency was not due to the ability to detect smaller pores at lower 
wavelengths of light.  A plausible explanation was given, which relates the increase in 
scattering efficiency to the change in refractive index of the material when the 
wavelength of light to measure scattering coefficient is altered.   
 
                                                 
1 The bulk of the scattering coefficient data in the following chapters was measured using a 
wavelength of 572 nm. This had insignificant effect on the measured scattering coefficient.  
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Chapter 3: Distribution of load between various fractions in a 





The Ingmansson and Thode wet pressing method is one of the most widely accepted 
procedures capable of distinguishing between the changes in specific bond strength and 
specific bonded area. However, in heterogeneous pulps, such as mechanical pulps, it 
was not known if the various types of particles experience the same forces during 
pressing. In this paper it is shown that the middle and fines fractions bond in a lesser 
degree in a mixed sheet than they do as a homogeneous pure sheet at a constant 
pressing level. This indicates that in a heterogeneous mechanical pulp sheet the 
pressing force is transferred more through the fibers than the middle and fines fractions. 
However, the overall deviation from the linear addition model, where the mixture 
scattering coefficient was dictated by the individual component of the sheet, was only 
4.8%. Thus, it is concluded that for practical purposes the scattering coefficient of 
heterogeneous mechanical pulp is the mass fraction based sum of scattering coefficients 




Relative bonded area (RBA) has been identified as an important property within 
chemical pulps, affecting the strength properties of these pulps [60]. The most widely 
accepted method for measuring RBA within chemical pulps involves a forced 
consolidation of the sheet by means of increasing wet pressing pressure, also known as 
the Ingmansson-Thode method [59]. This induces sheet consolidation and additional 
dewatering resulting in an enhanced bonded area without significantly altering any other 
properties of the sheet and fibers. When the change in total surface area is then plotted 
against tensile strength the relationship has been shown to follow an equation defined by 
Page [60]. By extrapolating the tensile strength to zero according to the Page equation, 
one is able to define the total unbonded, non swollen specific surface area of the sheet, 




Mechanical pulps are very heterogeneous in nature, where the range of particle size 
varies from fairly sound wood fiber particles with length of 2 mm and width of 
approximately 50 µm to small fines particles with a size distribution from nanometer 
scale to several hundred microns in length [2]. Due to this heterogeneity in a mechanical 
pulp sheet, there can expected to be a large distribution of bonded area, i.e. the bonded 
area of the fine particles, bonded area of the fibers, and a range of everything in 
between. When the Ingmansson and Thode wet pressing method is used to determine 
the total unbonded specific surface area (So) of the heterogeneous mechanical pulp 
sheet, it is unclear whether the pressing procedure induces bonding of all the fractions 
homogenously. Thus, it is not known if the increase in tensile strength in pressing is 
associated with increase in bonding of all fractions or just some of the fractions. 
 
Therefore, in this paper the heterogeneity of the specific surface area reduction as a 
function of sheet composition at various pressing levels was approached by fractionating 
pulp into three different fractions (fiber-R48), middle-R200 and fines-P200), mixing the 
fractions back together in known proportions, and then pressing them into different levels 
of bonding using press-drying at 120 °C and wet pressing at 23 °C. The linear addition of 
specific surface area was studied using scattering coefficient as a measure of specific 
surface area.  
 
The theoretical approach followed the hypothesis described in Figure 54.  When two 
materials with different specific surface areas are mixed and a totally unbonded sheet is 
formed (where no interaction between the components occur), the mixture should follow 
a linear addition rule. However, when a heterogeneous sheet composed of significantly 
variable particles is compressed in z-direction it is likely that some particles experience 
higher loads than others, resulting in deviation from the linear addition rule.  
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Figure 54. Theoretical approach to pressing of heterogeneous structures. The unbonded 
sheet is depicted as the unpressed sheet. 
 
Figure 54 depicts an assumed case where fines experience less force and remain 
unbonded in a mixed sheet. The parameter B describes the amount of surface area 
(measured as scattering coefficient) which does not experience load during pressing. If 
B=0, then all fines are pressed and experience similar load, and reduce scattering 
coefficient accordingly. If B>0 then only part of the fines experience load in a mixed 
sheet. If B<0 then fines experience more load than the fiber fraction. A similar approach 




Fiber middle and fines fractionation: The Bauer McNett apparatus was used to 
fractionate a hot disintegrated 110 CSF Norway spruce (Picea abies) TMP. The Bauer 
McNett was set up with 14, 48 and 200 mesh screens, and run for various times until no 
fines were observed coming with the excess water. Then the R14 and R48 fractions 
were mixed back together, and fractionated again using only hte R48 screen in order to 
achieve a near pure fiber fraction without any fines present. During the fractionation the 
P200 fraction was collected using the sedimentation method, as described by Luukko 
[30].  
Handsheet forming: Handsheets were formed using a standard British handsheet mold 
with 150 mesh screen and recirculation of whitewater. Fines handsheets were formed on 
a dense glass fiber filterpaper (18.5 cm Whatman 934AH). Fines contents of the fiber- 
fines mixed sheets were measured from the formed handsheets using the DDJ method, 
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T 261 cm-00. All handsheets were restraint dried if not dry after pressing. The target 
handsheet basis weight was 60 g/m2 O.D.  
Wet pressing: Couched handsheets were not pressed. Wet pressing was conducted at 
65, 489 and 978 psi’s and 23 Cْ using a Carver press and 3 blotter papers on one side 
and a chrome plate on the other side of the handsheet. Wet pressed handsheets were 
pressed for 1 minute. 
Press drying: Press drying was conducted at 6 pressing levels 0, 0.8, 8.1, 16.3, 48.9 and 
163 psi’s. Individual handsheet were pressed between hot plates heated to 120 Cْ and a 
sandwich that consisted of a felt, wet blotter (to increase drying time and humidity above 
100 Cْ), handsheet, chrome plate, and a filter paper (to protect the chrome plate). All 
handsheets were pressed until dry.  
Testing: Scattering coefficient was measured using the Tappi (T 1214 sp-98) standard 
with 572 nm wavelength. Tensile strength was measured using the Tappi (T 494) 
standard, but with the exception of a reduced span length 2 inches, in order to minimize 
the effect of faulty strip edges due to strip cutting especially on fines handsheets. Also 
0.5 inches/min strain velocity was used, in order to be able to gather enough data points 
(20 points/sec) to produce a sound stress-strain curve. BET specific surface area 




Two-sidedness and the effect on scattering coefficient 
 
It has been shown that surface smoothness has an effect on the scattering properties of 
the sheets. A visual inspection of the sheets showed extreme differences between the 
plate side and blotter side for the press dried sheets. Similar differences were also seen 
in wet pressed sheets, also the surface smoothness and gloss of the handsheets varied 
depending on fines content and pressing procedure. However, the surface smoothness 
had no impact on the scattering properties, when the scattering coefficient was 
measured from the rough and smooth sides of the sheet. Figure 55 shows the 
correlation smoothside and roughside scattering coefficients of fiber, fines and middle 
fractions, their mixtures, and whole pulps pressed to various levels of bonding using wet 
pressing and press drying. The scattering coefficients measured from the roughside of 
the sheet were 0.87-1.29% higher than those of smoothside, the difference being larger 
for press dried sheets.  This shows that the observed two-sidedness had no significant 
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impact on the measured scattering coefficient, and is consistent with the earlier findings 
where scattering measured using Tappi standard opacimeter has been shown to be 
independent of the sheet surface gloss [178].   
y(w et pressed) = 1.0087x
R2 = 0.9921
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Figure 55. Roughside vs. smoothside scattering coefficients of fiber, fines, middle 
fractions, their mixtures, and whole pulp handsheets. 
 




Scattering coefficient and specific surface area relationship 
 
BET specific surface area was measured from a series of fines, fiber and whole pulp 
sheets wet pressed and press dried to various levels of bonding (couched, wet pressed 
and high pressure press dried). BET specific surface area correlated well with scattering 
coefficient (R2=0.948) measured at 572 nm and 15º angle, and the relationship was 
independent of pressing pressure, temperature or sheet composition. The intercept of 
the linear line passes the origin within the limits of statistical significance, and the slope 
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of the linear correlation line is slightly lower but similar to that obtained by Haselton [111] 
for chemical pulps or Rennel [115] for mechanical pulps (Figure 56).  
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Figure 56. BET specific surface area vs. scattering coefficient (572 nm, 15°) of fines (P200), 





Statistical analysis was done by using a multiple regression approach, where two 
independent factors for binary mixtures and four for ternary mixtures were used to 
explain the variation in scattering coefficient at one pressing level. The independent 
factors are: 
 
• Fines and/or middle fraction content to the first power 
• Fines and/or middle fraction content to the power of two 
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This approach enables a statistical analysis of the significance of the first and second 
order terms in explaining the variation in scattering coefficient as a function of fines or 
middle fraction content. Thus, it provides a whole series based analysis of the possible 
deviation from the linear addition rule. As an example, the approach is depicted 
graphically in Figure 57 for one pressing level (couched) and fiber (R48) and fines 
(P200) mixed sheets. 
 
 
Figure 57. Scattering coefficient of couched R48 and P200 mixed sheets as function of 
P200 fines content and P200 fines content squared. 
    
The statistical analysis of the couched fiber (R48) and fines (P200) mixed sheets show 







Table 8. Multiple regression analysis of couched fiber (R48) and fines (P200) mixed sheets 
R squared = 0.9998 BETA Std. error B Std. error t(2) p-level
of BETA of B
Intercept 28.16584 0.610103 46.16573 0.000469
P200 content 0.981921 0.042895 79.69553 3.481497 22.89117 0.001903




Ternary approach results 
 
In the ternary approach P200 fines and R200 middle fraction were mixed into the R48 
fiber at various contents so that a full range of mixtures were obtained. Then these 
various mixtures were pressed to 10 different levels of bonding, or sheet consolidation (4 
wet pressing and 6 press drying levels). All the various mixture levels are shown in 
Figure 58.  Only case based average data was used in the statistical analysis.  
 
 
Figure 58. Mixtures used in the study  
 
The multiple regression analysis was then done using four independent variables to 




• P200 fines content 
• P200 fines content squared 
• R200 middle fraction content 
• R200 middle fraction content squared 
 
All sheets that were wet pressed to various levels of bonding showed only significant first 
order linear terms for P200 fines content and R200 middle fraction content (p<0.05). All 
press dried sheets, excluding the 0 psi pressed sheets), in addition to the linear first 
order terms showed significant second order terms. These were assigned to various 
pressing levels as follows: 
 
• Press dried at 0.8 psi: R2002 and P2002 
• Press dried at 8.1 psi: R2002 
• Press dried at 16.3 psi: R2002 
• Press dried at  48.9 psi: R2002 and P2002 
• Press dried at 163 psi: R2002 
 
The statistical analysis results are shown in Table 9, and the quadratic models of 
scattering coefficient as a function of R48, R200 and P200 fraction contents is depicted 
in Figure 59. Middle fraction R200 was responsible for most of the non-linear behavior in 
the mixed sheets. Although the second order terms were statistically significant, they did 










Table 9. Ternary approach statistical results for R48 fiber, R200 middle fraction and P200 fines sheets at various pressing levels 
Mixture R48+R200+P200 Mixture R48+R200+P200
Pressing level Couched Pressing level Hot 0.8 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.99543904 of BETA of B 0.99649514 of BETA of B
Intercept 29.1997 1.096645 26.62637 0.000000 Intercept 28.3581 0.588402 48.19512 0.000000
R200 0.553126 0.070519 43.4787 5.543149 7.84367 0.000050 R200 0.509495 0.061817 24.5128 2.974163 8.24192 0.000035
P200 0.972675 0.071288 75.4190 5.527533 13.64424 0.000001 P200 0.823430 0.062492 39.0788 2.965784 13.17654 0.000001
R2002 -0.128002 0.070757 -10.9840 6.071790 -1.80903 0.108052 R2002 -0.206881 0.062027 -10.8659 3.257804 -3.33536 0.010302
P2002 0.044352 0.071118 3.7958 6.086484 0.62364 0.550227 P2002 0.214164 0.062343 11.2185 3.265688 3.43527 0.008886
Mixture R48+R200+P200 Mixture R48+R200+P200
Pressing level Wet 65 psi Pressing level Hot 8.1 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.99696947 of BETA of B 0.99243351 of BETA of B
Intercept 33.19272 0.761423 43.59299 0.000000 Intercept 27.4965 0.743984 36.95848 0.000000
R200 0.447255 0.057482 29.94581 3.848723 7.78071 0.000053 R200 0.604427 0.090829 25.0250 3.760572 6.65458 0.000160
P200 1.004809 0.058110 66.36297 3.837881 17.29157 0.000000 P200 1.107451 0.091820 45.2289 3.749978 12.06112 0.000002
R2002 -0.069005 0.057677 -5.04376 4.215770 -1.19640 0.265791 R2002 -0.271055 0.091136 -12.2513 4.119212 -2.97418 0.017758
P2002 0.021821 0.057971 1.59069 4.225972 0.37641 0.716400 P2002 -0.101231 0.091600 -4.5633 4.129180 -1.10514 0.301225
Mixture R48+R200+P200 Mixture R48+R200+P200
Pressing level Wet 489 psi Pressing level Hot 16.3 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.99261568 of BETA of B 0.98965137 of BETA of B
Intercept 31.5588 1.009580 31.25933 0.000000 Intercept 25.7117 0.750581 34.25576 0.000000
R200 0.519166 0.089729 29.5261 5.103065 5.78595 0.000412 R200 0.634124 0.106223 22.6488 3.793921 5.96976 0.000334
P200 1.043835 0.090708 58.5589 5.088689 11.50765 0.000003 P200 1.072285 0.107382 37.7783 3.783233 9.98571 0.000009
R2002 -0.162804 0.090032 -10.1078 5.589736 -1.80828 0.108174 R2002 -0.305607 0.106582 -11.9159 4.155741 -2.86733 0.020915
P2002 -0.025716 0.090491 -1.5924 5.603263 -0.28419 0.783484 P2002 -0.066596 0.107125 -2.5897 4.165798 -0.62166 0.551464
Mixture R48+R200+P200 Mixture R48+R200+P200
Pressing level Wet 978 psi Pressing level Hot 48.9 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.99211774 of BETA of B 0.98998305 of BETA of B
Intercept 30.8627 0.976423 31.60791 0.000000 Intercept 22.43478 0.565269 39.68865 0.000000
R200 0.494398 0.092705 26.3211 4.935472 5.33305 0.000700 R200 0.643967 0.104507 17.60620 2.857235 6.16197 0.000270
P200 0.980435 0.093716 51.4882 4.921569 10.46174 0.000006 P200 1.231790 0.105647 33.22003 2.849186 11.65948 0.000003
R2002 -0.194642 0.093018 -11.3124 5.406160 -2.09251 0.069746 R2002 -0.318406 0.104860 -9.50333 3.129725 -3.03647 0.016150
P2002 0.045367 0.093492 2.6297 5.419243 0.48525 0.640510 P2002 -0.245375 0.105395 -7.30414 3.137299 -2.32816 0.048300
Mixture R48+R200+P200 Mixture R48+R200+P200
Pressing level Hot 0 psi Pressing level Hot 163 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.99127509 of BETA of B 0.96991568 of BETA of B
Intercept 29.23888 1.242825 23.52614 0.000000 Intercept 17.16658 0.682672 25.14615 0.000000
R200 0.529880 0.097534 34.12887 6.282038 5.43277 0.000621 R200 0.791670 0.181111 15.08347 3.450665 4.37118 0.002377
P200 1.011788 0.098598 64.28278 6.264341 10.26170 0.000007 P200 1.136827 0.183088 21.36546 3.440945 6.20918 0.000257
R2002 -0.139948 0.097864 -9.84022 6.881146 -1.43003 0.190580 R2002 -0.420401 0.181725 -8.74407 3.779750 -2.31340 0.049426
P2002 0.005148 0.098363 0.36103 6.897799 0.05234 0.959541 P2002 -0.168750 0.182650 -3.50055 3.788897 -0.92390 0.382561  
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Press dried 0.8 psi Press dried 8.1 psi
Press dried 16.3 psi Press dried 48.9 psi
 
 




Binary approach results 
 
The results from the ternary approach indicated that the R200 middle fraction was 
mostly responsible for the non-linear behavior of surface area reduction in the sheet. 
Thus, in order to quantify the extent of the various components contribution to the non-
linear addition of scattering coefficient, a statistical analysis based on binary approach 
was done. The binary mixtures analyzed were: 
  
• R48 fiber and P200 fines mixtures 
• R48 fiber and R200 middle fraction mixtures 
• R200 middle fraction and P200 fines mixtures 
• 50% R48 fiber + 50% R200 middle and P200 fines fraction mixtures 
 
Hereafter individual handsheet data was used in the statistical analysis, and thus it was 
expected that some of the significant terms observed here were different from the 
ternary approach analysis. 
 
 
Addition rule in fiber and fines fraction mixtures 
 
The fiber (R48) and fines (P200) mixtures are the two extremes in terms of particles size 
heterogeneity in mechanical pulps. Thus, it was expected that if there was a variations in 
the load bearing behavior of the heterogeneous structure, and a deviation from the linear 





Figure 60 depicts the scattering coefficient of fiber (R48) and fines (P200) mixed sheets 
as a function of fines (P200) content. Most of the reduction in scattering coefficient was 
due to the fines, this was especially obvious in wet pressing, where the decrease in 
scattering coefficient of fibers (R48) was not statistically significant. In general the mixed 
sheets followed the linear addition rule. However, a slight deviation from linear addition 
















Figure 60. Scattering coefficient as a function of fines content (P200 added into R48 
fraction) at various pressing levels. 
 
 
Multiple regression analysis (described earlier) was performed for fiber (R48) and fines 
(P200) mixed sheets pressed to various levels of bonding. Individual single handsheet 
based data was used in the statistical analysis. The results of the statistical analysis are 
shown in Table 10. The linear term was statistically significant in each of the cases. 
Statistically significant second order terms were found in the following cases: 
 
• Wet pressed at 489 psi 
• Press dried (hot dried) at 0 psi 
• Press dried at 16.3 psi 
• Press dried at 48.9 psi 
 
These results were slightly different from the ternary approach results regarding the 
significant second order terms, and was due to the fact that in the ternary approach only 
average data from 5 handsheets per data point was used, whereas here all handsheet 
data was included.  
 
The absolute deviation from the linear addition model is depicted in Figure 61 for the 
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Figure 61. Absolute difference (measured – linear model) in scattering coefficient at 
various fines contents and pressing levels for the statistically significant cases.  
 
The relative error of the linear model was studied by plotting the real measured data 
against the linear model based calculated data. Throughout the study the following 
equation was used for the linear model for each pressing level separately: 
 
  finesfinesmiddlemiddlefiberfibersmix SxSxSxS ++=   Equation 20 
 
Where the Smix is the scattering coefficient of the mixed sheet based on the linear model, 
Sfiber, Smiddle and Sfines are the scattering coefficients of fiber (R48), middle (R200) and 
fines (P200) fractions respectively at a constant pressing level, and  xfiber , xmiddle and xfines 
the mass fractions of fiber (R48) middle (R200) and fines (P200) fractions. 
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The relative error of the linear model was small. On average for the statistically 
significant non-linear cases the linear model underestimates the real data by 6.05%, as 
seen in Figure 62.   
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Figure 62. Measured scattering coefficient vs. scattering coefficient from the linear models 
for the statistically significant non-linear cases. 
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Table 10. Multiple regression results of fiber (R48) and fines (P200) mixed sheets at various pressing levels 
 
Mixture R48/P200 Mixture R48/P200
Pressing level Couched Pressing level Hot 0.8 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.99542766 of BETA of B 0.97687731 of BETA of B
Intercept 28.11745 0.796231 35.31318 0.000000 Intercept 28.10656 1.186599 23.68666 0.000000
P200 content 0.980562 0.056752 79.80915 4.619079 17.27815 0.000000 P200 content 0.811493 0.127168 41.64133 6.525539 6.38129 0.000002
P200 content squared 0.017670 0.056752 1.33269 4.280150 0.31137 0.758211 P200 content squared 0.181798 0.127168 8.58572 6.005724 1.42959 0.166883
Mixture R48/P200 Mixture R48/P200
Pressing level Wet 65 psi Pressing level Hot 8.1 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.99251354 of BETA of B 0.96631431 of BETA of B
Intercept 31.60409 0.869210 36.35954 0.000000 Intercept 26.75797 1.126917 23.74440 0.000000
P200 content 1.112565 0.071261 77.43943 4.960072 15.61256 0.000000 P200 content 1.176413 0.155843 48.97106 6.487334 7.54872 0.000000
P200 content squared -0.120930 0.071261 -7.86898 4.637000 -1.69700 0.103801 P200 content squared -0.201534 0.155843 -7.87033 6.085979 -1.29319 0.209991
Mixture R48/P200 Mixture R48/P200
Pressing level Wet 489 psi Pressing level Hot 16.3 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.98719882 of BETA of B 0.98846398 of BETA of B
Intercept 29.4201 0.901881 32.62083 0.000000 Intercept 24.52488 0.561783 43.65543 0.000000
P200 content 1.217793 0.089809 71.8318 5.297396 13.55984 0.000000 P200 content 1.175573 0.088459 42.60303 3.205765 13.28950 0.000000
P200 content squared -0.234354 0.089809 -13.0637 5.006254 -2.60947 0.015674 P200 content squared -0.189005 0.088459 -6.40345 2.996959 -2.13665 0.043997
Mixture R48/P200 Mixture R48/P200
Pressing level Wet 978 psi Pressing level Hot 49.8 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.96839638 of BETA of B 0.98230497 of BETA of B
Intercept 30.43624 1.413799 21.52798 0.000000 Intercept 21.0743 0.535456 39.35766 0.000000
P200 content 1.037403 0.146414 57.16325 8.067719 7.08543 0.000000 P200 content 1.574089 0.113096 42.4169 3.047585 13.91819 0.000000
P200 content squared -0.055322 0.146414 -2.84980 7.542232 -0.37785 0.709166 P200 content squared -0.613179 0.113096 -15.2787 2.818031 -5.42176 0.000016
Mixture R48/P200 Mixture R48/P200
Pressing level Hot 0 psi Pressing level Hot 163 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.98287065 of BETA of B 0.9539825 of BETA of B
Intercept 26.0109 1.292135 20.13021 0.000000 Intercept 16.85637 0.559401 30.13287 0.000000
P200 content 1.221856 0.107791 83.5810 7.373452 11.33539 0.000000 P200 content 1.185937 0.176675 21.42760 3.192174 6.71254 0.000001
P200 content squared -0.240618 0.107791 -15.3874 6.893186 -2.23226 0.036098 P200 content squared -0.218293 0.176675 -3.68724 2.984253 -1.23557 0.229652  
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Addition rule in fiber and middle fraction mixtures 
 
The fraction retained on the 200 mesh screen is very heterogeneous. Pieces of fiber, 
fibril type fines, fairly sound juvenile fibers, as well parenchyma cells dominate [2]. The 
character of the middle fraction resembles more that of the fiber fraction, indicating that 
the linear addition rule is more likely to apply, than it is for fiber and fines mixed sheets. 
However, there was more consistent deviation from the linearity than was observed for 
fiber (R48) and fines (P200) fraction mixed sheets. Both, the linear and second order 














Figure 63. Scattering coefficient as a function of middle fraction content (R200 added into 
R48 fraction) at various pressing levels. 
 
 
The absolute deviations from the linear addition model are depicted in Figure 64 for the 
statistically significant cases. In general the absolute deviations from the linear addition 
rule were small. As the pressure was increased the maximum deviation from the linear 
addition rule was obtained at lower middle fraction content. In general this deviation was 
largest at 25% middle fraction content. This is likely related to the total amount void area 
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Figure 64. Absolute difference (measured – linear model) in scattering coefficient at 
various middle fraction contents and pressing levels for the statistically significant cases.  
 
On average for the statistically significant non linear cases the linear model 
underestimated the real measured scattering coefficient by 8.45%, as shown in Figure 
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Figure 65. Measured scattering coefficient vs. scattering coefficient from the linear models 






Table 11. Multiple regression results of fiber (R48) and middle fraction (R200) mixed sheets at various pressing levels 
Mixture R48/R200 Mixture R48/R200
Pressing level Couched Pressing level Hot 0.8 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.98184479 of BETA of B 0.95566535 of BETA of B
Intercept 28.99038 0.609281 47.58128 0.000000 Intercept 27.67418 0.495835 55.81330 0.000000
R200 content 1.329520 0.107429 44.50327 3.595981 12.37584 0.000000 R200 content 1.878471 0.180518 28.25531 2.715282 10.40603 0.000000
R200 content squared -0.355376 0.107429 -11.24875 3.400447 -3.30802 0.003070 R200 content squared -0.967507 0.180518 -13.51064 2.520816 -5.35963 0.000030
Mixture R48/R200 Mixture R48/R200
Pressing level Wet 65 psi Pressing level Hot 8.1 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.97937532 of BETA of B 0.93415386 of BETA of B
Intercept 31.32951 0.549965 56.96636 0.000000 Intercept 26.51984 0.541451 48.97923 0.000000
R200 content 1.533492 0.116173 41.98332 3.180538 13.20007 0.000000 R200 content 2.097733 0.207576 31.64444 3.131298 10.10586 0.000000
R200 content squared -0.575932 0.116173 -14.87669 3.000825 -4.95753 0.000058 R200 content squared -1.230795 0.207576 -17.51754 2.954367 -5.92937 0.000006
Mixture R48/R200 Mixture R48/R200
Pressing level Wet 489 psi Pressing level Hot 16.3 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.95242099 of BETA of B 0.86337176 of BETA of B
Intercept 29.3839 0.662818 44.33185 0.000000 Intercept 25.49763 0.655870 38.87604 0.000000
R200 content 1.838528 0.170144 42.6351 3.945615 10.80570 0.000000 R200 content 1.769747 0.299008 22.44980 3.793004 5.91874 0.000006
R200 content squared -0.928485 0.170144 -20.5378 3.763544 -5.45705 0.000015 R200 content squared -0.903550 0.299008 -10.81418 3.578684 -3.02183 0.006269
Mixture R48/R200 Mixture R48/R200
Pressing level Wet 978 psi Pressing level Hot 49.8 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.95567387 of BETA of B 0.86303424 of BETA of B
Intercept 29.06646 0.522893 55.58779 0.000000 Intercept 21.3241 0.571478 37.31391 0.000000
R200 content 2.058882 0.170311 36.55678 3.023975 12.08898 0.000000 R200 content 2.341568 0.299377 25.8496 3.304952 7.82148 0.000000
R200 content squared -1.172932 0.170311 -19.64941 2.853109 -6.88702 0.000001 R200 content squared -1.564392 0.299377 -16.2942 3.118210 -5.22550 0.000031
Mixture R48/R200 Mixture R48/R200
Pressing level Hot 0 psi Pressing level Hot 163 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.97247337 of BETA of B 0.75593418 of BETA of B
Intercept 27.8269 0.653972 42.55053 0.000000 Intercept 17.10030 0.548905 31.15348 0.000000
R200 content 1.660550 0.143033 44.7167 3.851710 11.60957 0.000000 R200 content 1.920450 0.399637 15.25458 3.174408 4.80549 0.000084
R200 content squared -0.716609 0.143033 -18.3460 3.661804 -5.01010 0.000067 R200 content squared -1.145622 0.399637 -8.58576 2.995041 -2.86666 0.008965  
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Addition rule in middle and fines fraction mixtures 
 
The middle fraction (R200) and fines (P200) mixed sheet followed the linear addition rule 
almost in all cases. The only exceptions were the couched and high pressure press 

















Figure 66. Scattering coefficient as a function of fines fraction (P200) content (P200 added 




The absolute deviations from the linear addition model are depicted in Figure 67 for the 
statistically significant cases. These deviations were negative for the couched sheets, 
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Figure 67. Absolute difference (measured – linear model) in scattering coefficient at 
various middle fraction contents and pressing levels for the statistically significant cases.  
 
The average relative error of the linear model was small. On average for the statistically 
significant non linear cases the linear model underestimated the real data only by 0.62%, 
as shown in Figure 68.   
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Figure 68. Measured scattering coefficient vs. scattering coefficient from the linear models 
for the statistically significant non-linear cases. 
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Table 12. Multiple regression results of middle fraction (R200) and fines (P200) mixed sheets at various pressing levels 
Mixture R200/P200 Mixture R200/P200
Pressing level Couched Pressing level Hot 0.8 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.99386126 of BETA of B 0.95489148 of BETA of B
Intercept 62.47943 0.654015 95.53204 0.000000 Intercept 41.96370 1.416481 29.62531 0.000000
P200 content 0.833449 0.066879 39.00106 3.129602 12.46199 0.000000 P200 content 0.863847 0.180291 32.69772 6.824228 4.79142 0.000170
P200 content squared 0.168953 0.066879 7.46774 2.956064 2.52624 0.021122 P200 content squared 0.117665 0.180291 4.26810 6.539759 0.65264 0.522717
Mixture R200/P200 Mixture R200/P200
Pressing level Wet 65 psi Pressing level Hot 8.1 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.97462361 of BETA of B 0.91766288 of BETA of B
Intercept 58.26447 1.228793 47.41601 0.000000 Intercept 40.52169 1.478309 27.41084 0.000000
P200 content 0.915835 0.135226 40.09408 5.919997 6.77265 0.000003 P200 content 1.395213 0.243580 40.79498 7.122095 5.72795 0.000025
P200 content squared 0.074263 0.135226 3.11559 5.673221 0.54918 0.590026 P200 content squared -0.465988 0.243580 -13.05716 6.825210 -1.91308 0.072734
Mixture R200/P200 Mixture R200/P200
Pressing level Wet 489 psi Pressing level Hot 16.3 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.98598302 of BETA of B 0.95749111 of BETA of B
Intercept 51.3289 0.790096 64.96549 0.000000 Intercept 36.94513 0.905121 40.81789 0.000000
P200 content 1.139352 0.100501 43.1528 3.806469 11.33671 0.000000 P200 content 1.304663 0.175018 32.50604 4.360630 7.45444 0.000001
P200 content squared -0.153767 0.100501 -5.5811 3.647796 -1.53001 0.144410 P200 content squared -0.345546 0.175018 -8.25048 4.178857 -1.97434 0.064818
Mixture R200/P200 Mixture R200/P200
Pressing level Wet 978 psi Pressing level Hot 49.8 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.94617019 of BETA of B 0.9414399 of BETA of B
Intercept 45.71239 1.671048 27.35552 0.000000 Intercept 30.7014 0.793373 38.69728 0.000000
P200 content 1.171188 0.196950 47.87438 8.050663 5.94664 0.000016 P200 content 1.642821 0.206563 30.1937 3.796457 7.95312 0.000000
P200 content squared -0.209024 0.196950 -8.18805 7.715070 -1.06131 0.303397 P200 content squared -0.721244 0.206563 -12.5208 3.585942 -3.49164 0.002605
Mixture R200/P200 Mixture R200/P200
Pressing level Hot 0 psi Pressing level Hot 163 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.93667368 of BETA of B 0.87232281 of BETA of B
Intercept 54.2700 1.826550 29.71173 0.000000 Intercept 23.74645 0.792101 29.97906 0.000000
P200 content 0.872358 0.213617 35.9363 8.799829 4.08375 0.000773 P200 content 1.836442 0.303320 23.10469 3.816131 6.05448 0.000013
P200 content squared 0.099181 0.213617 3.9154 8.433006 0.46429 0.648329 P200 content squared -0.987222 0.303320 -11.90271 3.657055 -3.25473 0.004664  
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Addition rule in fiber, middle and fines fraction mixtures 
 
In the three component mixed sheets, analyzed here as a binary mixture, fines (P200) 
were added into a 50/50 mixture of fiber (R48) and middle fraction (R200). Slight 
deviations from linearity were observed, as shown in Figure 69, where scattering 
coefficient was plotted as a function of fines in a 50% fiber (R48) and 50% middle 
fraction (R200) sheets at various pressing levels. All linear terms were statistically 
significant. In addition, the highly pressed press dried sheets (16.3 psi, 48.9 psi and 163 













Figure 69. Scattering coefficient as a function of fines fraction (P200) content (P200 added 
into 50%R48+50%R200 fraction) at various pressing levels. 
 
The absolute deviations from the linear addition model are depicted in Figure 70 for the 
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Figure 70. Absolute difference (measured – linear model) in scattering coefficient at 
various middle fraction contents and pressing levels for the statistically significant cases.  
 
The average relative error of the linear model was small. On average for the statistically 
significant non linear cases the linear model underestimated the real data by 5.91%, as 
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Figure 71. Measured scattering coefficient vs. scattering coefficient based on the linear 




Table 13. Multiple regression results of 50/50 fiber (R48) +middle fraction (R200) and fines (P200) mixed sheets at various pressing 
levels 
 
Mixture R48+R200/P200 Mixture R48+R200/P200
Pressing level Couched Pressing level Hot 0.8 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.98486596 of BETA of B 0.94304771 of BETA of B
Intercept 48.83955 1.307817 37.34434 0.000000 Intercept 38.37795 1.707240 22.47953 0.000000
P200 content 1.119325 0.109645 67.62098 6.623920 10.20861 0.000000 P200 content 0.793611 0.208257 33.03411 8.668707 3.81073 0.001398
P200 content squared -0.132245 0.109645 -7.32765 6.075392 -1.20612 0.243386 P200 content squared 0.183382 0.208257 7.07971 8.040034 0.88056 0.390837
Mixture R48+R200/P200 Mixture R48+R200/P200
Pressing level Wet 65 psi Pressing level Hot 8.1 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.98105915 of BETA of B 0.92063867 of BETA of B
Intercept 48.60855 1.264142 38.45179 0.000000 Intercept 36.84377 1.576399 23.37211 0.000000
P200 content 0.903170 0.120100 48.27049 6.418829 7.52014 0.000001 P200 content 1.264311 0.245838 41.16533 8.004348 5.14287 0.000081
P200 content squared 0.090563 0.120100 4.48917 5.953322 0.75406 0.461131 P200 content squared -0.321658 0.245838 -9.71350 7.423855 -1.30842 0.208146
Mixture R48+R200/P200 Mixture R48+R200/P200
Pressing level Wet 489 psi Pressing level Hot 16.3 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.98751199 of BETA of B 0.98119929 of BETA of B
Intercept 44.0140 0.858418 51.27333 0.000000 Intercept 33.28588 0.648369 51.33784 0.000000
P200 content 1.082352 0.097519 48.3768 4.358718 11.09886 0.000000 P200 content 1.469321 0.119655 40.42670 3.292170 12.27965 0.000000
P200 content squared -0.092597 0.097519 -3.8386 4.042614 -0.94953 0.355656 P200 content squared -0.508971 0.119655 -12.98818 3.053415 -4.25366 0.000536
Mixture R48+R200/P200 Mixture R48+R200/P200
Pressing level Wet 978 psi Pressing level Hot 49.8 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.95898805 of BETA of B 0.94995065 of BETA of B
Intercept 42.24451 1.529849 27.61352 0.000000 Intercept 29.7671 0.737425 40.36628 0.000000
P200 content 0.817181 0.176725 35.91928 7.767984 4.62402 0.000242 P200 content 1.400263 0.199394 26.2291 3.734961 7.02260 0.000001
P200 content squared 0.167593 0.176725 6.83232 7.204632 0.94832 0.356252 P200 content squared -0.448843 0.199394 -7.7113 3.425668 -2.25104 0.037118
Mixture R200/P200 Mixture R200/P200
Pressing level Hot 0 psi Pressing level Hot 163 psi
R squared BETA Std. error B Std. error t(2) p-level R squared BETA Std. error B Std. error t(2) p-level
0.96617333 of BETA of B 0.89404117 of BETA of B
Intercept 44.8201 1.684792 26.60276 0.000000 Intercept 21.10136 0.819582 25.74649 0.000000
P200 content 1.070501 0.179167 53.5527 8.962964 5.97489 0.000025 P200 content 1.727622 0.284061 25.30979 4.161522 6.08186 0.000012




The statistically significant deviations from linear addition rule were observed for various 
mixtures of fiber (R48), middle fraction (R200) and fines (P200) mixed sheets at various 
pressing levels, and more so for when middle fraction (R200) was present. In general 
the deviation from the linearity was positive, indicating that the z-directional force applied 
to the sheet is transferred more through the fiber fraction than the middle or fines 
fractions. Thus, the middle and fines fractions in the sheet do not experience same z-
directional force, and thus do not bond as efficiently in a mixed sheet as they would in a 
pure middle or fines fraction sheet. This mechanism is illustrated in Figure 72. 
 
 
Figure 72. A suggested mechanism for pressing of mixed mechanical pulp sheets 
 
The fact that middle fraction showed more absolute and relative deviation from linearity 
than the fines fractions indicate, that middle fractions are more likely to accumulate in 









Small differences regarding the significance of the first and second order terms between 
the binary and ternary approaches were observed. These differences were likely due to 
the fact that in the ternary approach average data was used in the analysis, whereas in 
binary approach individual handsheet based data was used. 
 
Overall, the deviations from the linear addition rule were small, indicating that the 
fraction of fines and middle fractions that do not experience the same average force in 
pressing is relatively small. The range of the statistically significant absolute deviations 
from the linearity was between -2.57-6.06 m2/kg, measured as scattering coefficient 
units. Thus, the linear addition model explained most of the variation (98.4%) in the 
scattering coefficient, as depicted in Figure 73, where the measured scattering 
coefficient of all the mixed sheets was plotted against the estimated scattering coefficient 
based on the linear addition rule. On average the scattering coefficient estimated based 
on the linear addition rule was systematically 4.8% below that of the real measured 
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Figure 73. Measured scattering coefficient vs. estimated scattering coefficient from the 




The results obtained here show that the scattering coefficient and also specific surface 
area of the heterogeneous mechanical pulp sheet follows a linear addition rule very 
accurately, and the specific surface area of a mixed sheet is the mass based fractional 
sum of the individual fractions in the sheet. If one then considers a totally unbonded 
sheet, where no interaction between different fractions occur, the total unbonded specific 
surface area can be then reasonably assumed to follow a similar linear addition rule as 
obtained for the pressed sheets. This implies that the specific bonded area in the sheet 
is also a sum of the mass fraction based specific bonded areas of various fractions in the 
sheet when compared at a constant pressing level. This view is supported by the 
behavior of density as a function of sheet composition. In Figure 74 the apparent density 
was calculated based on linear addition rule (Equation 1) and plotted against the 
measured density of mixed sheets. Density also followed linear addition rule 
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independent of sheet composition and pressing level. The systematic deviation from the 












































Figure 74. Measured apparent density vs. estimated apparent density from the linear 
addition rule for various mixtures of fiber, middle and fines fractions (excludes pure 
fraction data) 
 
The fact that the observed systematic errors in scattering coefficient and density were 
similar (4.8% and 4.9%) indicates that this error was caused by one common 
phenomenon, and was likely related to the amount of fines and middle fraction particles 
that fill interstices between fibers. As was suggested earlier, these particles were not 
likely to experience the same pressing pressures as fines located between fibers (in z-
direction), but remain partly unbonded adding to the measured scattering coefficient 
more than would have been expected from the linear addition rule. In addition, fines and 
middle fractions that fill the interstices between fibers only add to the mass of the sheet 
without significantly affecting the thickness of the sheet. Hence these fines and middle 
 148
fractions added more to the measured density than would have been expected from the 





Although considered a crude method, the Ingmansson and Thode procedure using wet 
pressing to induce bonding is the most accepted method for estimating Relative Bonded 
Area in chemical pulps. However, in extremely heterogeneous structures such as 
mechanical pulps, it was not known whether the bonding induced during pressing was 
evenly distributed between all different types of fractions in the sheet. In this paper a 
commercial thermo-mechanical pulp was fractionated into three different fractions (fiber 
(R48), middle (R200) and fines (P200)) and then mixed back at known ratios to be 
pressed to various levels of bonding. Wet pressing at 23 ºC and press drying at 120 ºC 
were used to induce bonding in the sheet. First, it was confirmed that scattering 
coefficient is an adequate estimate of the specific surface area of the heterogeneous 
mechanical pulp sheet. Second, it was observed that the scattering coefficient in mixed 
sheets deviated from the linear addition rule based on the pure fractions. This deviation 
was most significant when R200 middle fraction was present in the sheet. However, the 
overall deviation from the linear addition rule was very modest, on average, comprising 
only 4.8% error between measured and estimated linear addition rule based scattering 
coefficient. Thus, it was concluded that pressing reduces scattering and thus also 
induces bonding fairly homogeneously throughout the mixed sheet, regardless of 
pressing level, pressing procedure (wet pressing or press drying), and sheet 
composition.  
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Relative bonded area is a sheet structure factor, which is present in most of the in-plane 
strength theories of papers. However, the use of RBA in heterogeneous structures is 
limited by the difficulty of being able to define RBA. In a heterogeneous sheet it is 
expected that all fractions have their own RBA, and it is not known if the RBA follows the 
linear addition rule2. The focus of this paper is on the behavior of Relative Bonded Area 
as a function of sheet composition in mechanical pulps. Earlier it was shown that the 
scattering coefficient of the sheet in mixtures of mechanical pulp followed accurately a 
linear addition model based on the sheet composition. In this paper it is shown that the 
total unbonded specific surface area (So), defined using linear models for tensile strength 
and scattering coefficient relationship, also accurately followed the linear addition model. 
This results in that when the total unbonded surface areas of the individual components 
are not the same, RBA is intrinsically a non-linear function of the sheet composition. 
Thus, it is recommended that specific bonded area rather than RBA be used to 
differentiate between specific bond strength and bonded area when heterogeneous 





Relative bonded area (RBA) is a term present in most of the in-plane strength theories of 
papers [179]. The relative bonded area concept has been widely used  with appreciable 
success in homogeneous sheets [59, 60, 102, 104, 108, 111, 113, 115, 173, 180]. The 
significance of the variable cannot be disputed, due to the fact that all stresses in the 
paper are transferred through the bonded areas between fibers. RBA instead of absolute 
bonded area is used mainly due to the difficulty of measuring the real specific bonded 
area in a sheet, and in theoretical equations the RBA is converted into bonded area 
using the average fiber dimensions. 
 
The most used method for measuring RBA is based on the Ingmansson and Thode 
method. Ingmanson and Thode [59] suggested, in contrast to the erroneous solvent 
                                                 
2 As was pointed out by D.H. Page in the early stages of this research 
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method, to circumvent the problem by plotting specific scattering coefficient against 
tensile strength, and extrapolating to zero tensile strength in order to obtain a fully 
unbonded scattering coefficient. They used refining and wet pressing to increase tensile 
strength of spruce sulphite pulp. In their data refining and wet pressing produced similar 
scattering tensile relationship, allowing them to conclude that the fibril structure of 
chemical pulps collapse completely on the surface of the fiber, and thus refining 
produces results similar to wet pressing. 
 
However, later Swanson and Steber [113] showed that the fibrillar structure created in 
refining does not collapse completely upon drying and that beating develops non-
collapsible surface area. This was supported by Luner et al. [114] finding that using high 
yield pulps beating produced different scattering tensile relationships at different wet 
pressing levels. Later Rennel also showed the same behavior using a large variety of 
different pulps, including mechanical pulps [115]. Ultimately, Hartler used unbonded 
(spray-dried) fiber sheets and nitrogen absorption technique to show that the dry-fiber 
specific surface area of chemical pulp fibers does not remain constant during the beating 
process [116]. For high yield and mechanical pulps the spray dried unbonded dry 
specific surface area increases with additional beating [115].   
 
Due to the fact that finer fractions created in refining in high yield pulps do not 
completely collapse upon drying, the use of RBA in heterogeneous structures is 
questionable. In a heterogeneous sheet it is expected that all fractions have their own 
RBA, and it is not known whether the RBA follows the linear addition rule in 
heterogeneous pulps. There are indications that it might not. It has been shown that 
most strength properties do not follow a linear addition rule as a function of sheet 
composition in heterogeneous pulp sheets, both in mechanical pulps [3-6, 76], and 
mixtures of mechanical and chemical pulps [27].  This non-linearity is explained by 
different shrinkage properties of the various components in the sheet [181], or variable 
collapse of fibers depending on the amount of components in the sheet [182]. Lately part 
of this non-additivity of strength properties was assigned by using a fiber geometry 
based statistical model of paper network to the non-linear addition of Relative Bonded 
Area of heterogeneous sheets [183].  
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It was shown earlier that the scattering coefficient is a good approximation of the specific 
surface area in mechanical pulps, independent of sheet composition or pressing 
procedure. It was also shown that scattering coefficient accurately follows the linear 
addition rule at various levels of wet pressing and press drying (in Chapter 3). It is also 
reasonable to assume that the total unbonded specific surface area of a mixture, where 
no interactions occur between the fractions, also follows a linear addition rule. This 
automatically results in that the specific bonded area is also a linear function of the sheet 
composition.  
 
In this paper the additivity of total unbonded surface area (So) and Relative Bonded Area 
(RBA) was studied using mixtures of mechanical pulp fiber (R48), middle (R200) and 
fines (P200) fractions. The use of the RBA term in defining specific bonded area in 




Fiber middle and fines fractionation: The Bauer McNett apparatus was used to 
fractionate a hot disintegrated 110 CSF Norway spruce (Picea abies) TMP. The Bauer 
McNett was set up with 14,48 and 200 mesh screens, and run for various times until no 
fines were observed coming with the excess water. Then the R14 and R48 fractions 
were mixed back together, and fractionated again using only the R48 screen in order to 
achieve a near pure fiber fraction without any fines present. During the fractionation the 
P200 fraction was collected in 55 gallon drums and isolated using the sedimentation 
method, as described by Luukko [30].  
 
Handsheet forming: Handsheets were formed using a standard British handsheet mold 
with 150 mesh screen and recirculation of whitewater  Total of 8 handsheets were made 
prior to making sheets for use. Fines handsheets were formed on a dense glass fiber 
filterpaper. Fines contents of the fiber - fines mixed sheets were measured from the 
formed handsheets using the DDJ method, T 261 cm-00. All handsheets were restraint 
dried if not dry after pressing. The target handsheet basis weight was 60 g/m2 O.D.  
 
Wet pressing: Couched handsheets were not pressed. Wet pressing was conducted at 
65, 489 and 978 psi’s and 23 Cْ using a carver press, 3 blotter papers on one side and a 
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chrome plate on the other side of the handsheet. Wet pressed handsheets were pressed 
for 1 minute. 
 
Press drying: Press drying was conducted at 6 pressing levels 0, 0.8, 8.1, 16.3, 48.9 and 
163 psi’s. Individual handsheet were pressed between hot plates heated to 120 Cْ and 
using a “sandwich” that consisted of a felt, wet blotter (to increase drying time and 
humidity above 100 Cْ), handsheet, chrome plate, and a filter paper (to protect the 
chrome plate). All press dried handsheets were pressed until completely dry. 
 
Testing: Scattering coefficient was measured using the Tappi (T 1214 sp-98) standard 
with 572 nm wavelength. Tensile strength was measured using the Tappi (T 494) 
standard, but with the exception of a reduced span length of 2 inches and reduced strain 
velocity.  This adjustment was done to minimize the effect of faulty strip edges due to 
strip cutting especially on fines handsheets. The 0.5 inches/min strain velocity was used, 





So (total unbonded area) in mechanical pulps as a function of sheet composition 
  
The So was approximated according to the assumption that the mechanical pulps 
generally operate in domain where fiber breaking is negligible [7, 24]. Thus, a linear 
relationship between scattering coefficient and tensile strength was used to determine 
the So of the pulp. The alternative assumption, using the Page Equation to determine S0 
gave unrealistic values of S0 and specific bond strength for the pure 100% fines sheets. 
The linear relationships and equations for fiber-fines, fiber-middle fraction, middle 
fraction – fines, and 50%fiber/50%middle-fines sheets were constructed as shown in 
Figure 75 for fiber (R48) and fines (P200) mixtures. The linear equations for all mixtures 
are presented in Table 14. The statistical significance of the linear models varied 
partially due to the fact that both wet pressed and press dried samples were included in 
the analysis. It is known that drying of mechanical pulp based paper at elevated 
temperatures produces bonding that can be different from bonding that is induced at 
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lower temperatures. This is an issue that will be dealt in a later publication. However, 
similar results were obtained when only press dried sheets were used in the analysis.  
 
y(100%P200) = -2.8653x + 194.51
R2 = 0.9745
y(50%P200) = -1.2041x + 104.23
R2 = 0.8515
y(25%P200) = -0.6072x + 65.366
R2 = 0.8277
y(10%P200) = -0.3523x + 44.518
R2 = 0.6773


































Figure 75. Scattering coefficient vs. Tensile index of R48 fiber and P200 fines mixed sheets 
















Table 14. Linear equations for the scattering coefficient - tensile index relationship for 
various mixtures of fiber (R48), middle (R200) and fines fractions(P200) 
 
Mixture sheet composition s=a(Tensile Index)+so
%R48 %R200 %P200 a so R
2
0 0 100 -2.8653 194.51 0.9745
50 0 50 -1.2041 104.23 0.8515
75 0 25 -0.6072 65.366 0.8277
90 0 10 -0.3523 44.518 0.6773
100 0 0 -0.3072 31.9 0.8369
0 100 0 -1.1934 103.01 0.932
50 50 0 -0.67 67.36 0.9076
75 25 0 -0.4236 49.263 0.849
90 10 0 -0.3501 38.605 0.8104
0 33 66 -2.1523 155.98 0.9541
0 66 33 -1.5211 123.42 0.9287
25 25 50 -1.5002 119.41 0.9717




In Figure 76 the So obtained from the linear models in Table 14 was plotted against the 
P200 fines and R200 middle fraction contents for various mixtures. The total unbonded 
specific surface area (So) follows the linear addition model with significant accuracy as 




           
y = 0.9228x + 98.32
R2 = 0.9841
y = 1.2814x + 62.368
R2 = 0.9896
y = 1.6367x + 27.545
R2 = 0.9961
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Figure 76. Total unbonded specific surface area of mixtures of fines (P200), middle fraction 
(R200) and fiber (R48), as a function of fines (P200) or middle fraction (R200) content in the 
sheet. 
 
Statistical analysis was done by using a multiple regression approach, where two 
independent factors for binary mixtures and four for ternary mixtures were used to 
explain the variation in scattering coefficient at each pressing level. The independent 
factors are: 
 
• Fines and middle fraction content to the first power 
• Fines and middle fraction content squared 
 
This approach enables a statistical analysis of the significance of the first and second 
order terms in explaining the variation in scattering coefficient as a function of fines or 
middle fraction content. Thus, it provides a whole series based analysis of the possible 
deviation from the linear addition rule. The results are shown in Table 15, and show that 
both linear, first order terms, for (P200) and (R200) were significant. In addition, the fines 
(P2002) second order term was statistically significant. The coefficient of the second 
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order term (Beta) of the significant P2002 term was positive, indicating that the So of 
fines obtained using the linear scattering vs. tensile strength relationship results in a 
value for So that is higher than would be obtained based on a linear addition rule. It 
indicates that the linear scattering coefficient-tensile strength assumption may not be 
valid, since the total unbonded specific surface area should be linearly additive when no 
interaction occurs between the components. However, overall the P2002 Beta term was 
small, having no significant effect in the model, as seen in Figure 77.  
 








Pressing level Hot 0.8 psi
R squared BETA Std. error B Std. error t(8) p-level
0.99979129 of BETA of B
Intercept 31.9694 0.464119 68.88190 0.000000
R200 0.440479 0.015143 69.2358 2.380299 29.08703 0.000000
P200 0.798975 0.015274 123.3911 2.358876 52.30929 0.000000
R2002 0.009493 0.015180 1.6238 2.604733 0.62341 0.550371




Figure 77. Total optical unbonded specific surface area of mixtures of fines (P200), middle 
fraction (R200) and fiber (R48), quadratic ternary fit. 
 
 
In Figure 4 the measured So was plotted against the calculated linear addition rule based 
So, where the calculated So is the sum of the products of So obtained from the individual 
components and the mass fraction. The measured So followed the sheet composition 
based linear addition model very well, showing a R2 of 0.993. The linear model 
systematically overestimated the So by 4.11% in respect to the measured So. This 
systematic error could be related to the linear scattering coefficient – tensile strength 
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Figure 78. Linear addition rule based total unbonded (optical) specific surface vs. 





RBA as a function of sheet composition in heterogeneous structures 
 
The total unbonded specific area (So) was not a linear function of the sheet composition, 
but showed statistically significant second order terms in explaining the variation in So. 
Also, it was shown earlier (Chapter 3) that the scattering coefficient (S) is not linearly 
additive as a function of the sheet composition at various pressing levels.  However, in 
both cases the significant second order terms had very little impact on the model, and 
both variables (S and So) followed the linear model with very high accuracy. Thus, it is 
reasonable to conclude that the total unbonded area (So), and unbonded area (S) follow 
the linear addition rule as a function of the sheet composition. Bonded area is 
determined as the difference of So and S, hence it is reasonable also to assume that the 
bonded area follows a linear addition rule as a function of sheet composition. In fact, 
Mohlin has shown that bonded area is linearly additive as a function of the sheet 
composition in mixtures of mechanical and chemical pulp [181]. If one then considers a 
 159
binary mixture of two different pulps (or pulp fractions) with different total unbonded 
specific surface area and bonded area, the resulting optical specific bonded area can be 
defined as: 
 
                                  baxBA ptical +=omix           Equation 21 
 
 
or as specific bonded area based on BET nitrogen surface area: 
 
                                   )(mix baxkBABET +=      Equation 22 
    
where BA is the bonded area, k the correlation coefficient between scattering coefficient 
and specific surface area (obtained from BET), x the share of component 2 in the mixed 
sheet, and a and c are the linear addition coefficients. 
 
The total unbonded specific surface area So is also a linear function of the sheet 
composition: 
 
                                     dcxS opticalo +=)(mix        Equation 23 
                      
or as specific area based on BET nitrogen surface area: 
 
                                      )()(mix dcxkS BETo +=         Equation 24 
 
If RBA is then defined as a function of the sheet composition we obtain the following: 
 






SSRBA =−=           Equation 25 
 
then for the binary mixture as a function of component x we obtain for both optical and 
BET based RBA: 
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=           Equation 26    
                  
This results in that RBA is a function of two linear models divided by each other, and is 
intrinsically non-linear in nature, as the derivate depicts: 
  
















        Equation 27 
 
Equation 26 shows that for the RBA to be a linearly additive as a function of the sheet 
composition, the derivative has to be constant. This is only true if c=0, which means that 
RBA is intrinsically a linear function of sheet composition only as long as the total 
unbonded specific surface areas (So) for all the components are the same.  
 
 
RBA of mechanical pulp as a function of sheet composition 
 
The RBA for the mixed mechanical pulp sheets were determined using the equation 5 
and the linear equations shown in Table 14.  The RBA of the fiber (R48) and fines 
(P200) mix is plotted in Figure 79, and shows how fibers and fines have significantly 
different relative bonded areas at constant pressing level. The RBA did not follow the 
linear addition rule, but showed behavior similar to that predicted by equation 25. The 
non-linearity was existent at all pressing levels. These results are in agreement with the 
mixture pulp RBA model developed by Gates et al.  [183]. 
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Figure 79. Relative Bonded Area (RBA) as a function of fines (P200) content mixed in with 
fibers (R48) at various wet pressing and press drying pressures (Quadratic fits shown).  
 
In Figure 80 RBA of a mixed fiber (R48) and middle fraction (R200) was plotted as a 
function of middle fraction content. The non-linear behavior was obvious, but less 
pronounced than for the fiber and fines mixture sheets. This logically followed the model 
given in equation 25, which predicts that the non-linearity is less pronounced as the total 
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Figure 80. Relative Bonded Area (RBA) as a function of middle fraction (R200) content 
mixed in with fibers (R48) (Quadratic fits shown). 
 
In Figure 81 the RBA was plotted in ternary format for all the samples estimated. The 
non-linearity was obvious, and more pronounced when fines were added into the sheet 
at all pressing (bonding) levels.  
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Wet pressed 65 psi Wet pressed 489 psi
Press dried 8.1 psi Press dried 163 psi
 





Figure 79 depicts how RBA was changed at various pressing levels, and showed how in 
wet pressing (even at high pressing pressures) fiber fraction could not be bonded 
efficiently. Higher temperatures were needed to achieve this.  Fines bond readily in wet 
pressing, however, reach their maximum close 1000 psi of wet pressing pressure. This 
corresponds to a RBA close to 50%.  In order to bond fines beyond the RBA of 50%, 
elevated press temperature is needed. This is due to the fact that approximately 50% of 
the mechanical pulp surfaces are lignin covered [55], and lignin surfaces do not bond 
readily at temperatures below their glass transition temperature [25, 149].  
 
In wet pressing, the RBA of the fiber fraction (R48) decreased, as shown in Figure 79. 
Similar behavior has been observed in chemical pulps for summerwood fibers at low 
bonding levels [184]. This has been generally explained with creation of total specific 
surface area in pressing, as stated by Alexander and Marton:” In the initial stages, 
beating and wet pressing increase the total surface area more than bonding decreases it, 
and more surface becomes available to scatter light” [184]. Gregersen et al [185] have 
shown that mechanical pulp fiber walls experience cracking during calandering. It is 
possible that this type cracking occurs when mechanical pulp fibers are pressed at 
temperatures below the glass transition of lignin, which then creates additional specific 
surface area.  
 
Relative bonded area concept is generally used due to the difficulty of being able 
accurately measure the absolute specific bonded area in the sheet. In strength theories 
the use of RBA is based on the assumption that all fibers are similar in dimensions, and 
RBA is used to calculate the bonded area in the sheet by using average fiber dimensions 
for conversion. In this paper it was shown that in extremely heterogeneous structures, 
such as mechanical pulp fiber and fines mixtures, RBA did not follow a linear addition 
rule. This was shown to be due to the intrinsic non-linear nature of the RBA term in 
heterogeneous structures, and was due to the difference in the total unbonded area (So) 
of the components in the sheet. Thus, in heterogeneous structures RBA loses its 
traditional meaning, and cannot be used to determine specific bonded area of the sheet. 
Specific bonded area, on the other hand, follows the linear addition rule as a function of 
sheet composition with high accuracy, and thus is believed to adequately describe the 
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other bonding parameter in heterogeneous structures. After all, stresses between 




In this paper the behavior of Relative Bonded Area as a function of sheet composition 
was studied in mechanical pulps. It was shown earlier that the scattering coefficient of 
the sheet in mixtures of mechanical pulp follows a linear addition model based on the 
sheet composition. In this paper it was shown that the total unbonded specific surface 
area (So), defined using linear models for tensile strength and scattering coefficient, also 
accurately followed the linear addition model. This automatically resulted in a Relative 
Bonded Area (RBA) that was intrinsically a non-linear function of the sheet composition 
in heterogeneous structures. In heterogeneous structures RBA loses its traditional 
meaning, and cannot be used in traditional sense for understanding the strength 
properties of these structures. Bonded area, on the other hand, followed the linear 
addition rule as a function of sheet composition, and thus is believed to adequately 
describe the other bonding parameter in heterogeneous structures. 
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Chapter 5: Mechanical pulp sheet consolidation in press drying and wet 




Press drying of mechanical pulps at elevated temperatures has been shown to reduce 
the scattering coefficient for handsheets measured at constant density. The reduction in 
scattering is often accompanied with an increase in strength properties, which indicates 
that the observed scattering reduction is associated with increase in bonding. In this 
paper the problem of observed bonding increase without consolidation was approached 
using two different mechanisms to increase the density of mechanical pulp sheets; wet 
pressing and press drying using various pressing pressures. Wet pressing was 
conducted at 23 °C and press drying at 120 °C and 140°C. It is shown that the significant 
decrease in scattering at constant density in press drying is due to the mechanical pulp 
fines fraction (P200) pore size distribution. When wet pressed and press dried fines 
sheets are compared at a constant void volume or density the wet pressed sheets have 
significantly smaller pores and thus higher specific surface area. It is also shown that at a 
constant scattering coefficient the tensile strength of the press dried press dried sheets is 
significantly lower. This observed higher specific bond strength associated with wet 
pressing is assigned to the better stress transfer between fibers, and is also explained 
with the shift in pore size distribution of fines. In order to obtain the same level of fines 
bonding using wet pressing and press drying, significantly higher fines density is required 
when the fines are wet pressed. This is likely to affect the stress transfer efficiency 
between fibers in the sheet.  A mechanism explaining the pore size distribution difference 
of press dried and wet pressed fines is proposed. This relates the shift in pore size 
distribution to the rebound tendency of fines when pressed at temperatures below the 




Mechanical pulp fibers are stiff at temperatures below the glass transition temperature of 
lignin. Thus a limited increase in density can be obtained, when wet pressing is used to 
induce consolidation in mechanical pulp sheet. It has been demonstrated that even high 
pressing pressure can not overcome this behavior [50]. It is unknown whether this 
phenomenon is due to the rebound of the fibers to their original shape, or if the fibers 
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resist the induced pressure and remain uncollapsed under pressure. Whole mechanical 
pulp responds better to the wet pressing than the fiber fraction alone. This behavior has 
been attributed to the ability of fines to restrict fiber rebound [28]. 
 
The rigidity of mechanical pulp fibers can be overcome by press drying the fibers at 
elevated temperatures [50, 137-141]. The effective temperature has been shown to be in 
the proximity of 100 ºC, indicating that the lignin matrix in the fiber restricts the 
collapsibility of the fiber [141]. The press-drying consolidation efficacy is dependent on 
the initial moisture content of the sheet, because water acts as plasticizer and prolongs 
the effective time needed to dry the sheet [141, 142]. The induced fiber collapse is 
permanent, presuming that the press drying is prolonged so that the sheet is dried under 
load. Back and Norberg [143] showed that in pressing an Asplund pulp there was a 
significant springback of the of the pulp pad depending on the pad moisture content and 
temperatures used in pressing. However, at high initial sheet moisture content and 
prolonged press drying at 90 ºC the springback decreased to virtually nil. 
 
Press drying of lignin rich pulps increases the strength properties of the sheet through 
higher inter-fiber bonding [144]. At low levels of pressing the most significant strength 
enhancements are seen in the wet strength properties of the sheet. This has been 
attributed to the flow of hemicelluloses and lignin at elevated temperatures, where lignin 
covers the hemicellulose bonds making them more hydrophobic, and thus more resistant 
to water [139, 145]. However, in order to induce lignin flow it is essential that the lignin 
glass transition temperature of 90-110 ºC is exceeded by 60-70 ºC. This has been shown 
to apply in case of spruce CTMP, where no significant changes in the fiber surface 
chemistry was observed, when the pulp sheets were pressed below 140 ºC [146]. In 
addition to the flow of lignin and hemicellulose, during the heat treatment of wood there is 
a significant redistribution of extractives to the surfaces of the material [147]. However, 
Nordman and Levlin [148] showed that this temperature induced redistribution of 
extractives has no effect on the bonding characteristics of groundwood pulp.  
 
Based on the studies by Gupta and Goring [25, 149] it is believed that lignin surfaces on 
fibers do not present any bonding ability at temperatures below their softening 
 168
temperatures. However, when the temperature is raised to the softening temperature of 
lignin, the lignin surfaces bond readily [25]. There are several possible bonding 
mechanisms that can explain lignin bonding, ranging from polymer cross-linking and 
mechanical interlocking to polymer diffusion [150-153]. Mechanical pulp fibers and fines 
have a significant portion (~50-65%) of the total specific surface area covered by lignin 
and extractives [30, 55]. In other words half of the specific surface area cannot be 
bonded at temperatures below the softening temperature of lignin, but can be bonded 
when temperature is raised above the glass transition temperature of lignin.  
 
Interestingly the studies, where wet pressing and press drying are used to induce 
consolidation in mechanical pulps, indicate that press drying is an extension of wet 
pressing in respect to sheet bonding. Seth et al. [144, 154] showed that wet pressed and 
press dried (180 °C) mechanical pulp sheets represent the same scattering coefficient to 
tensile strength ratio when sheets are densified using variable pressures . This indicates 
that even though the bonding mechanisms of wet pressing and press drying are believed 
to be different, the bonded area to tensile strength relationship is not affected.  However, 
this is not true if density is considered as the measure of bonding in the sheet. At 
constant sheet density the press dried sheet have higher strength properties and lower 
scattering coefficient than that of wet pressed sheets. This observed “bonding” without 
consolidation is pronounced for TMP pulps, and is also observed in Newsprint production 
[155], but is almost non-existent within kraft pulps [144, 154]. Seth et al. attributed this to 
the difference in moisture contents of the dried sheets at 50% relative humidity. They 
also argued that the difference in sheet surface roughness would cause error in the 
density measurement partly explaining the difference in wet pressing and press drying of 
mechanical pulp sheets. However, Rajan et al. [186] showed using mercury intrusion 
porosimetry to measure sheet density that press dried mechanical pulp sheets had 
significantly higher tensile strength and elastic modulus at a constant density. Later 
Poirier et al. [156] showed that when a TMP sheet is dried with superheated steam there 
is a significant drop in scattering coefficient with subsequent increase in tensile strength, 
however without significant change in bulk (or density). In addition, they observed a 
significant decrease in fibrillation of the steam dried sheet when observed in SEM. Thus, 
it seems that bonding without consolidation can be at least partially attributed to the 
collapsing behavior of fines and fibrils. When considering that sheet density is inversely 
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proportional to the void volume of the sheet, and scattering coefficient is directly 
proportional to the surface area of the sheet, it is likely that  press drying induces a 
different type void volume collapse mechanism than wet pressing.  
 
In this paper the different sheet consolidation characteristics associated with wet 
pressing and press drying of mechanical pulp was elucidated using whole pulp and 
mixtures of fiber (R48) and fines (P200). The sheet internal structure was analyzed using 
mercury porosimetry. Then mercury porosimetry results were related to the scattering 





Whole pulp: A hot disintegrated 35 CSF Norway spruce TMP pulp was used in all 
experiments. Handsheets were made using a standard British handsheet mold and 
recirculation of fines. The whole pulp sheets were then pressed at room temperature (23 
°C) and press dried at 120° and 140 °C to different levels of bonding using various 
pressing pressures.  
Fiber middle and fines fractionation: The Bauer McNett apparatus was used to 
fractionate the TMP. The Bauer McNett was set up with 14,48 and 200 mesh screens, 
and run until no fines were observed coming with the excess water. Then the R14 and 
R48 fractions were mixed back together, and fractionated again using only the R48 mesh 
screen in order to achieve a near pure fiber fraction without any fines present. During the 
fractionation the P200 fraction was collected in 55 gallon plastic drums and concentrated 
using the sedimentation method, as described by Luukko [30].  A P200 fraction of a 110 
CSF Norway spruce TMP was also collected and concentrated. 
Handsheet forming: Handsheets were formed using a standard British handsheet mold 
with 150-mesh screen and recirculation of whitewater. Fines handsheets were formed on 
a dense glass fiber filter paper (Whatman 934AH). Fines content was measured from the 
formed handsheet using the DDJ method, T 261 cm-00. All handsheets were restraint 
dried if not dry after pressing. The target handsheet basis weight was 60 g/m2 O.D. 
Wet pressing: Couched handsheets were not pressed. Wet pressing was conducted at 
489 psi and 23°C using a standard Carver press and 3 blotter papers on one side and a 
chrome plate on the other side of the handsheet. Handsheets were pressed for 1 minute. 
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Press drying: Press drying was conducted at two pressing levels, 1 psi and 49 psi. 
Individual handsheet were pressed between hot plates heated to 120°C and 140 °C  
using a sandwich that consisted of a felt, wet blotter (to increase drying time and 
humidity above 100°C), handsheet, chrome plate, and a filter paper (to protect the 
chrome plate). The 1-psi pressed handsheets were pressed for 6 minutes, and the 49-psi 
handsheets for 3 minutes. The handsheet weight after pressing was constant for all the 
handsheets (between 1.3-1.37 g) with a target of 65 g/m2. Whole pulp sheets were press 
dried for 3 minutes.  
Testing: Scattering coefficient was measured using TAPPI (T 1214 sp-98) standard and 
572 nm wavelength. Tensile strength was measured using TAPPI standard (T 494), but 
with the exception of a reduced span length (2 inches) and a strain speed of 0.5 
inches/min in order to minimize the effect of faulty strip edges due to strip cutting 
especially on fines handsheets. Zero-span tensile strength was measured using a 
Pulmac zero-span tensile tester. Mercury porosimetry was analyzed at Micromeritics, 




Wet pressing vs. press-drying of whole pulp TMP 
 
The different consolidation mechanism associated with wet pressing and press drying of 
mechanical pulp sheet was elucidated by wet pressing at 23 ºC and press drying at 120 
ºC and 140 ºC a whole pulp (35 CSF) Norway spruce thermo-mechanical pulp using 
variable pressing pressures. Wet pressing and press drying increased sheet density 
substantially, however in press drying significantly lower pressing pressure were needed 
to achieve the same density obtained with wet pressing (Figure 82). The whole pulp TMP 
sheets showed a significant decrease in scattering coefficient at a constant density, 
when the sheets were press dried (Figure 82). This reduction in scattering coefficient 
was fairly constant at all density levels.         
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Figure 82. Scattering coefficient vs. apparent density of whole pulp TMP wet pressed and 
press dried at 120 °C and 140 °C at various pressing pressures. 
 
The scattering coefficient tensile strength relationship showed a similar decrease in 
scattering coefficient at a constant tensile strength, where wet pressed sheets had 
significantly higher scattering coefficients at constant tensile strength (Figure 83). This 
reduction in scattering was more pronounced at low tensile strength levels, and the two 
curves (wet and press-dried) approached each other at higher tensile strengths. These 
results differ from those of Seth et al. [144] whose data showed that the press dried 
series was a perfect extension of the wet pressed series in term of scattering-tensile 
relationship. This could be partially explained by the significantly higher press-drying 
pressing pressures used in their study. Their lowest press drying was conducted at 17 
psi pressure on the sheet, which is in the proximity of the range where the two (wet 
pressing and press drying) curves united in this study.  
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Figure 83. Scattering coefficient vs. tensile strength of whole pulp TMP wet pressed and 




There are two plausible explanations for the observed higher tensile strength at constant 
scattering coefficient associated with wet pressing. First, the bonded area of wet pressed 
sheets could be significantly higher, which then would mean that the total unbonded 
specific surface area (So) of wet pressed sheets is significantly higher than that of the 
press dried. A reduction in total unbonded specific surface area of the pulp could be due 
to a flow of lignin and hemicellulose in press drying, which would make the surfaces of 
the pulp fibers and fiber fragments smoother and have less surface area for the same 
mass.  Second, the stress transfer in wet pressed sheets could be better, which would 
manifest itself as an increase in bond strength at constant bonded area (specific bond 





Wet pressing vs. press-drying of TMP fractions 
 
The reduction in scattering coefficient at constant density observed here (Figure 82) was 
larger than what was observed earlier by Seth et al. [144]. However, the pulp used by 
Seth et al. was a standard Newsprint grade 100 CSF pulp, whereas the pulp used here 
was a 35 CSF printing paper grade TMP, with very high fines content. This indicates that 
the extent of the difference in scattering coefficient at a constant apparent density is a 
factor of fines content in the sheet, as has been suggested earlier by Mackie et al. [155].  
 
In order to study the effect of fines on the reduction in scattering at constant density and 
tensile strength, a series of mixed fiber (R48) and fines (P200) sheets were prepared 
using the same Norway spruce thermo-mechanical (35 CSF) pulp as earlier. The mixed 
sheets were then wet pressed at 23 ºC and press dried at 120 ºC.  In Figure 84 the 
scattering coefficient was plotted against the density of various fiber (R48) and fines 
(P200) content sheets unpressed and pressed at 489 psi at 23 °C and 1 psi and 49 psi at 
120 °C.  The difference in scattering coefficient (wet pressed- press dried) at constant 
density increased as the fines content increased, and was highest for the pure fines 
(P200) content. 
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Figure 84. Scattering coefficient vs. apparent density at various wet pressing and press 
drying pressures for mixed fiber (R48) and fines (P200) sheets. 
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To obtain the data for Figure 85, the two points for wet pressed and the two for press 
dried were each fit to a line and the scattering coefficient at 450 kg/m3 determined from 
this line, and it shows that the difference in scattering coefficient (wet pressed – press 
dried) increased as fines content in the sheet was increased. This indicates that fines are 
mostly responsible for the observed significant reduction in scattering coefficient 
supporting the earlier suggestion of Mackie et al. [155]. 
         
Figure 85. Difference in scattering coefficient between wet pressed and press dried sheets 
at a constant density (450 kg/m3) as a function of P200 fines content in a fiber (R48) fines 
(P200) mixed sheet. 
 
Although the linear fit did not pass the origin in Figure 85, it suggests that fines were 
responsible for the reduction in scattering coefficient when sheets were dried at higher 
temperatures. The fiber fraction in mechanical pulps, especially low freeness pulp, is 
usually fibrillated. These fibrils may act as fines, and partially explain why the linear fit in 
Figure 85 did not pass through the origin. The absorption coefficients for the press dried 
sheets were between 1.04 m2/kg and 2.68 m2/kg for fiber and fines respectively, and 
were not expected to affect the scattering coefficient. 
 
The tensile strength - scattering coefficient relationship did not follow the same type of 
behavior (Figure 86) as the density – scattering coefficient relationship, where the 
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absolute difference in scattering coefficient at constant density was related to the fines 
content. The pure fractions (100% R48 fiber and 100% P200 fines) wet pressed and 
press dried sheets plotted on a common tensile-scattering curve, whereas mixed press 
dried sheets (50.6% P200 fines + 49.4% R48 fiber sheets shown) plotted on a lower 

























Wet pressed 489 psi
Press dried 1 psi





Figure 86. Scattering coefficient vs. tensile index at various wet pressing and press drying 
pressures for mixed fiber (R48) and fines (P200) sheets. 
 
The reduction in scattering coefficient for mixed sheets at constant tensile strength was 
statistically significant, as shown in Table 16, where the scattering coefficient are 









Table 16. Mixed sheets t-test of scattering coefficient and tensile strengths for wet pressed 
at 489 psi and press dried 1 psi sheets. 
          Wet pressed 489 psi Press dried 1 psi
Tensile index Tensile index
Fiber (R48) % Fines (P200) % Nm/g St.dev. Nm/g St.dev. Difference p-values (t-test)
73.1 26.9 47.07 2.45 48.56 1.09 -1.49 0.249529
49.4 50.6 46.95 2.35 46.67 2.52 0.28 0.857274
         Wet pressed 489 psi Press dried 1 psi
Scattering coeff. Scattering coeff.
Fiber (R48) % Fines (P200) % m2/kg St.dev. m2/kg St.dev. Difference p-values (t-test)
73.1 26.9 47.41 1.3 39.03 1.64 8.38 0.000019
49.4 50.6 56.55 1.52 46.41 7.96 10.14 0.016962  
 
 
The reduction in scattering at constant tensile strength for the press dried sheets was 
only observed for mixed sheets. The pure fraction (100% R48-fiber and 100% P200-
fines) sheets plotted on a common curve independent of pressing procedure used. This 
strongly suggests that the total unbonded specific surface areas (So) of pure fibers (R48) 
and fines (P200) fractions were not altered in press drying. This result was verified using 
another set of P200 fines fractionated from a different pulp (News pulp grade-110 CSF 
Norway spruce TMP P200 fraction and wider range of wet pressing and press drying 
pressures, shown in Figure 87).  
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Wet pressed (23 C)
Press dried (120 C)
News grade P200
 
                    
Figure 87. Scattering coefficient vs. tensile strength of News grade Norway spruce TMP 




The constant So was further supported by SEM images of fines (P200) dried at 23 °C 
and 120 °C. They revealed no visible melting of fines due to the elevated temperature 












































Figure 88. SEM surface images of P200 fines dried at 23 °C and 120 °C 
 
These findings indicate that the total unbonded areas (So) of pure fines and fiber sheets 
were the same independent of pressing procedure. Based on earlier findings (Chapters 3 
and 4), where it was shown that scattering coefficient and total unbonded area (So) 





So of the mixed sheets was also constant independent of pressing procedure. This 
suggests that the different scattering-tensile relationship of wet pressed and press dried 
mixed sheets can be interpreted as a difference in the specific bond strength. A possible 
explanation for the higher specific bond strength associated with wet pressing is related 
to the structure of the sheet. For wet pressed sheets to have the same bonded area 
(scattering coefficient) as the press dried sheets, they need to be pressed to significantly 
higher sheet density (using two orders of magnitude higher pressures), as shown in 
Figure 84. Higher density means smaller distance between bonded elements, and is 
likely to increase the stress transfer ability between the load bearing elements in the 
sheet.   
 
The fines fraction was responsible for the difference in scattering coefficient between wet 
pressing and press drying (Figure 84), which indicates that the observed difference in 
stress transfer efficiency (specific bond strength) between wet pressed and press dried 
sheets was solely due to the different response of fines fraction to wet pressing and 
press drying. 
 
It has been shown earlier that scattering coefficient correlates with specific surface area 
of paper [126, 129]. In addition at constant skeletal density (material density) the sheet 
apparent density is inversely related to the void volume of the sheet. This indicates that 
differences in scattering coefficients associated here with the two pressing methods were 
due to the altered pore collapse mechanism of the fines fraction in the sheet. 
 
Sheet density and scattering coefficient in relation to mercury porosimetry 
 
Mercury intrusion porosimetry is an efficient method to study the internal void structure of 
materials, and has been successfully used to study the structure of paper. It has been 
shown that mercury porosimetry specific surface area has high correlation with scattering 
coefficient when pores sizes smaller that 100-200 nm are excluded from the data [126, 
129]. Also, in this study the scattering coefficient correlated well with mercury intrusion 
porosimetry specific surface area when pores smaller than 107nm were excluded from 
the data, and the correlation was independent of sheet composition or pressing 
procedure used (wet pressing and press drying), as shown in Figure 89. 
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Figure 89. Mercury porosimetry specific surface area (pores larger than 107 nm) vs. 
scattering coefficient of fiber (R48) and fines (P200) handsheet pressed to different levels 
of bonding (wet pressed and press dried) 
 
The average skeletal densities for P200 fines and R48 were 1.517 g/cm3 and 1.508 
g/cm3 respectively, and the difference was not statistically significant (two tailed t-test, 
p=0.831). Thus, the void volume of the sheet inversely correlated with the density of the 
sheet, regardless of the sheet composition. The sheet density measured using a 
standard caliper and basis weight based method (apparent sheet density) is subjective to 
measurement error due to the compressibility characteristics and surface rougheness of 
the sheet. However, this error was small and the bulk density measured using mercury 
porosimetry and the apparent density correlated well regardless of sheet composition 
(R2=0.963). This resulted in that the total mercury porosimetry pore volume explained 
most of the variation in apparent sheet density regardless of pressing method and sheet 
composition, as seen in Figure 90. 
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Figure 90. Mercury porosimetry vs. 1/apparent sheet density of fiber (R48) and fines (P200) 
sheets pressed to different levels of bonding using wet pressing and press drying. 
 
These results show that the difference in scattering coefficient at constant density when 
wet pressed and press dried sheets were compared was due to the different void volume 
to specific surface area relationships.  
 
 
The effect of pore size distribution on scattering coefficient, density and bonding 
 
Mercury porosimetry yields mercury intrusion volume data for a specific applied intrusion 
pressure. The Washburn equation relates the applied intrusion pressure to pore 
diameter. Thus, one is able to extract pore size distributions from the mercury intrusion 
data. The pore size distributions were calculated for pure fiber (R48) and fines (P200) 
sheets pressed to various levels of bonding using the mercury intrusion data. 
 
In Figure 91 the pore volume of the 100% fiber (R48) at various pore diameters was 
plotted for couched, wet pressed at 489 psi, and press dried at 1 and 49 psi sheets. Most 
of the pore volume in 100% fiber sheets was located in pores of 10 µm and larger in 
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diameter. As the sheets were pressed to higher densities they reduced all sizes of pores 
independent of pressing procedure, and no shift in pores size distribution was apparent. 
 




























Figure 91. Mercury intrusion pore size distribution of 100% fiber (R48) sheets at various 
pressing levels. 
 
In Figure 92, the pore volume of the pure fines (P200) at various pore diameters was 
plotted for couched, wet pressed at 489 psi, and press dried at 1 and 49 psi sheets. The 
bulk of the pore volume in fines sheet was in the 1µm pore size range. This explains the 
significant contribution of fines to scattering coefficient when fines are added in the 
sheet. The sheet pore size distribution is shifted to smaller pores, which in turn results in 
a higher total specific surface area at a constant pore volume.  
 
However, an effect similar to fines addition in to the fiber sheet was also apparent in pure 
fines sheet when they were wet pressed and press dried to various levels of bonding. As 
the pure fines (P200) sheets were pressed using same pressing pressures and 
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procedures as for the fiber sheets, in addition to the reduction of total pore volume, there 
was also a significant shift in the pore size distribution (Figure 92).   


























Figure 92. Mercury intrusion pore size distribution of 100% fines (P200) sheets at various 
pressing levels. 
 
When the wet pressed and press dried fines sheets were compared at a similar total 
pore volume the press dried sheets had more pore volume associated with larger pores, 





















Total pore volume = 1.09 mL/g
Specif ic surface area = 3.78 m2/g
Total pore volume = 1.25 mL/g
Specific surface area = 2.77 m2/g
 
Figure 93. Mercury intrusion pore size distribution of 100% fines (P200) sheets wet pressed 
at 489 psi and press dried at 1 psi. 
 
 
The shift of fines pore size distribution to smaller pores in wet pressing resulted in that 
the wet pressed fines had significantly higher specific surface area at a constant pore 
volume. However, the 100% fiber sheets where there was no shift in pores size 
distribution plotted on a common total specific surface area and pore volume line 
independent of pressing procedure used (Figure 94). Thus, the difference in scattering 
coefficient at a constant apparent sheet density of the mechanical pulp was due to the 











































Figure 94. Mercury intrusion pore volume vs. specific surface area of fines (P200) and fiber 
(R48) pressed at various temperatures and pressures. Median pore diameters shown in 
numbers. 
 
In 100% fines (P200) sheet the difference in pore size distribution was so drastic that it 
was readily observed in SEM cross-section images, as Figure 95 depicts. The sheets in 
the Figure 95 had similar densities, but the press dried sheet had a significantly lower 
scattering coefficient (76 m2/kg vs. 63 m2/kg) and higher tensile strength (43.5 Nm/g vs. 





























Figure 95. Cross-sectional SEM images of fines wet pressed at 489 psi (below), and press 
dried at 1 psi (top). Sheets have similar densities and total pore volumes. 
 
The Figure 95 depicts a case where the densities are similar, but the press dried sheet 
has higher tensile strength and lower scattering and thus is better bonded. In order to 
compare the sheets at the same bonding (or scattering coefficient) the wet pressed sheet 
needs to be significantly denser than shown in Figure 95. This behavior using mixed 
sheets is depicted in Figure 96, where a brominated fines (45%-P200) fraction was 
added into a fiber fraction (55%-R48) and then wet pressed and press dried to same 
scattering coefficients. The bromination and SEM imaging was done according to a 
method described by Gorres [23], and the brominated fines appear brighter than the 
fibers. Figure 96 depicts how in wet pressing the fines need to be significantly more 
collapsed in order to achieve the same sheet scattering coefficient as in press drying. 
This results in that the distances between the fibers in the sheet are significantly 
P200, press dried :120 °C, 1 psi P200, press dried :120 °C, 1 psi
P200, wet pressed : 23 °C, 489 psi P200 wet pressed : 23 °C, 489 psi
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reduced, and is likely to enhance the stress transfer efficiency (tensile strength at 


























Figure 96. Cross-sectional BSE-SEM images of mechanical pulp brominated fines (45% 
P200) and fiber (R48) mixed sheets wet pressed and press dried to a common scattering 
coefficient. (LSC=scattering coefficient, density=apparent sheet density) 
 
Thus these results support the earlier suggestion that the difference in fines density at a 
constant bonded area (scattering coefficient) was responsible for observed decrease in 
specific bond strength associated with press drying of heterogeneous mechanical pulp. 
The pore size distribution of fines was significantly different when the fines are wet 
Wet pressed 23 °C, 350 psi
LSC = 30.02 m2/kg
Density = 808 kg/m3
Press dried 120 °C, 1 psi
LSC = 30.43 m2/kg
Density = 657 kg/m3
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pressed (23 ºC) or press dried (120 ºC) to the same bonded area (scattering coefficient). 
In press dried sheets there were significantly higher proportion of larger pores and thus 
have significantly lower fines density at a constant specific surface area or scattering 
coefficient (Figure 94). This affects the distance between bonded elements in the sheet 





It has been shown that approximately 35% of the bulk material of P200 TMP fines is 
comprised of lignin [30]. And roughly 50% of the fines total surface area is shown to be 
lignin covered [30, 55]. The glass transition temperature of lignin is in the range of 60-
140 °C depending on the moisture content of the lignin. In addition lignin has been 
shown not to provide any significant adhesive properties below its softening (glass 
transition) temperature [25, 149]. Thus, it is likely that when the fines sheet was wet 
pressed below the softening temperature of lignin, the sheet experiences rebound due to 
the stiff lignin rich matrix and inefficient bonding. These observations led us to examine 
the extent of collapse in the fines sheets under significant wet pressing load. A series of 
fines handsheet were prepared and pressed at 490 psi. A copper wire sheet was put on 
both sides of the sheet, and the caliper was measured using a sensitometer on the 
pressing plate by subtracting the upper wire distance from the bottom wire distance. 
When the fines sheet was wet pressed at 23 °C the sheet collapsed readily reaching a 
caliper between 107 and 110 microns at 489 psi, at basis weights 69.3 g/m2 and 71.0 




             
Figure 97. Pressing pressure vs. caliper of 100% fines (P200) sheet pressed at 23 °C. 
 
A set of fines sheets of same pulp batch wet pressed to 489 psi and restrain dried at 
50% relative humidity had an average soft caliper of 117 microns at a basis weight of 
71.0 g/m2. Based on the data shown here the fines sheets rebounded 6-8% in caliper. 
Considering that the press dried sheets were dried under load and were likely not to 
rebound, as was shown by Back et al [143], the major difference between press dried 
and wet pressed sheets was that the press dried sheets approached the end state 
density from a lower density state, whereas the wet pressed sheet achieve its final 
density from a higher density.  
 
Based on the above observations and results presented in this paper a mechanism is 
proposed that explains the significant shift in pore size distribution of the fines sheet in 
wet pressing. In wet pressing at high pressing pressures a fines sheet collapses almost 
completely and then rebounds. In the fully collapsed state almost all of the initial free 
surface area of the fines particle in the sheet is in contact with another fine particle. 
When the pressure is released the sheet rebounds due to the stiff lignin rich structure. 
During the rebound only areas where bonding exceeds the rebound tendency remain 
bonded. Areas that cannot be bonded at temperatures below the glass transition remain 
unbonded, and as the pressure is released the sheet starts to rebound creating a 
significant amount of newly formed small pores. This proposed mechanism in relation to 
pore size distribution is depicted in Figure 98.  
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Figure 98.  Illustration of the proposed mechanism of the redistribution of pores in wet 
pressing of mechanical pulp fines. 
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In press drying, where the temperature (and moisture) is above the glass transition of 
lignin making the fines particles soft and conformable very little pressure is needed to 
collapse the structure. The sheets are pressed until the moisture is removed and the 
structure is frozen into the form it was under load. Fines are readily bonded onto the 
neighboring surface creating significant amount of bonded area. When wet pressed and 
press dried fines sheets are then compared at constant void volume or density the wet 
pressed sheets have the void volume located in smaller pores. Thus the wet pressed 
sheets have significantly higher specific surface area and hence scattering coefficient. 
This proposed mechanism is depicted in Figure 99, where the press drying and wet 




Figure 99. Proposed mechanism explaining differences in pressing fines at temperatures 
below the glass transition of lignin (wet pressing), and above (press drying). Compared at 





Press drying has been shown to reduce the scattering coefficient of mechanical pulp 
without significantly affecting the density of the sheet. This type of significant reductions 
in scattering coefficients are also observed in commercial Newsprint production, when 
the drying temperatures exceed a certain threshold usually close to the glass transition 
temperature of lignin. In this paper it was shown that the reduction in scattering 
coefficient at constant density is caused by the fines (P200) in the sheet. Using mercury 
porosimetry it was shown scattering coefficient is related to the total specific surface area 
of the sheet, and the apparent density is a factor of the void volume of the sheet. In wet 
pressing of fines there was a significant shift in the pore size distribution, whereas at low 
press drying pressures all pores of all sizes were reduced equally and there was no 
significant shift in pore size distribution. This shift in pore size distribution of fines 
resulted in that the specific surface area - void volume relationship for wet pressed and 
press dried fines sheets were significantly different. Wet pressed fines sheet had higher 
amount of smaller pores at constant pore volume. Thus, the scattering coefficient of wet 
pressed fines sheet remained significantly higher when compared at a constant density.  
 
In pure fiber and fines sheets the decrease in specific surface area (scattering 
coefficient) was transposed into tensile strength independent of pressing procedure, 
indicating that the total unbonded specific surface area was not changed. However, wet 
pressed mixed sheets of fibers (R48) and fines (P200) as well as whole pulp had higher 
strength properties than press dried sheets when pressed to the same scattering 
coefficient. This was explained with better stress transfer between bonded elements in 
mixed wet pressed sheets due to the significantly higher fines density required to obtain 














Addendum to chapter 5 
 
Moisture content difference at 50% RH and effect on strength properties 
 
Seth et al. [144] have argued that the differences between press dried and normally dried 
samples could be partly explained by the differences in moisture content of the sheet at 
50% relative humidity. In this study the moisture contents of the sheets were measured 
from three sets of mixed sheets: 100% fiber (R48), 50%fiber+50% fines and 100% fines 
(P200) sheets. The wet pressed sheets had roughly 1%-unit higher moisture content at 
50% relative humidity in comparison to the press dried sheets, as shown in Table 17.  
 
Table 17. Moisture contents of wet pressed and press dried sheets at 50% RH  








Mixture % ST. DEV % ST. DEV 
100% fiber (R48) 8.21 0.31 7.30 0.46 
50%fiber+50%fines 8.63 0.29 8.01 0.22 
fines 9.94 0.11 8.97 0.60 
 
 
The moisture content for all the sheets were then measured at various levels of relative 
humidity by letting the sheets to gain moisture for at least 12 hours prior to weight 
measurements. The moisture contents of the sheets were then plotted against the 
relative humidity, shown in Figure 100. All sheets showed similar extent of increase in 






















50.6% fines wet pressed
50.6% hot pressed
100% fines wet pressed
100% fines hot pressed
Hot pressed retested @ 68% RH
 
Figure 100. Moisture contents of mechanical pulp fiber (R48) and fines (P200) mixed sheets 
at various levels of relative humidity. 
 
Then the press dried sheets were tested at higher relative humidity (68%), which brought 
the moisture content of the press dried sheets close to the wet pressed sheets. The 
resulting moisture contents for the press dried sheets at 68% RH are shown in Table 18. 
 
Table 18.  Sheet moisture contents of press dried sheets at 68% RH and wet pressed at 
50% RH 
  m.c. at 50% RH m.c. at 68% RH 
  Wet pressed 23 ºC Press dried 120 ºC Press dried 120 ºC 
Mixture % % % 
100% fiber (R48) 8.21 7.30 7.99 
50%fiber+50%fines 8.63 8.01 8.82 
fines 9.94 8.97 9.85 
 
 
After the conditioning at higher relative humidity tensile strength testing was conducted 
for all fiber (R48) and fines (P200) mixed press dried sheets at 68% relative humidity. 
The results are shown in Table 19, where the tensile strength, specific modulus and 
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stretch measurements at 50% and 68% relative humidity were tested for statistical 
significance. Table 19 shows that in tensile only the 50% fines (P200) content sheets 
were statistically significantly different when tested at these two relative humidity levels.  
In specific modulus the 100% fines sheets were statistically different. In stretch the 50% 
fines (P200) and almost pure fiber (R48) sheets showed statistically significant 
differences. However, overall these differences were small and could not explain the 
large differences in the scattering coefficient-tensile strength relationship between press- 
dried and wet pressed sheets. 
 
Table 19. Tensile properties of press dried sheets measured at 50% RH and 68% RH 
Sheet Tensile strength         
R48+P200 Tested at 50% RH Tested at 68% RH    
Fines % Average Nm/g Variance Average Nm/g Variance % Difference 
p(one-
tailed) 
100 48.96 2.44 49.32 18.37 0.73 0.409 
80.2 53.04 1.08 52.19 1.22 -1.60 0.105 
50.6 60.05 3.79 57.74 2.42 -3.84 0.009 
26.9 66.93 3.84 63.44 6.55 -5.21 0.062 
2.36 35.30 1.20 36.09 2.32 2.24 0.185 
         
Sheet Specific modulus         
R48+P200 Tested at 50% RH Tested at 68% RH    
Fines % Average kNm/g Variance 
Average 
kNm/g Variance % Difference 
p(one-
tailed) 
100 4.76 0.04 4.93 0.05 3.49 0.006 
80.2 5.39 0.01 5.37 0.02 -0.38 0.338 
50.6 5.81 0.03 5.64 0.03 -3.00 0.062 
26.9 6.13 0.04 6.08 0.06 -0.84 0.389 
2.36 4.94 0.04 5.14 0.05 3.94 0.089 
         
Sheet Stretch           
R48+P200 Tested at 50% RH Tested at 68% RH    
Fines % Average % Variance Average % Variance % Difference 
p(one-
tailed) 
100 1.59 0.04 1.61 0.10 1.28 0.434 
80.2 1.47 0.01 1.52 0.02 3.61 0.137 
50.6 1.89 0.00 2.05 0.02 8.55 0.005 
26.9 2.31 0.02 2.42 0.02 4.96 0.101 












The significance of fiber failure in tear and tensile failure of mechanical pulps remains an 
enigma, partly due to the difficulty to increase bonding without altering the sheet 
composition. To circumvent this problem wet pressing and press drying were used to 
increase bonding. It is shown, using tear and tensile strength data that most mechanical 
pulps are in a domain where fiber failure can be considered a significant factor. Only 
sheets with very high long fiber content are in the negligible fiber failure domain. The 
region where the domain transitions from negligible fiber failure to significant fiber failure 
was 0.3-0.45 T/Z (Tensile strength/Zero Span Tensile strength), and 30-40 Nm/g tensile 
index with the transitions somewhat dependent on the sheet composition. Tear strength 




It has generally been assumed that mechanical pulps operate in a strength domain 
where fiber breaking has an insignificant effect on the fracture mechanism in tensile and 
tear test, and the main failure is believed to occur through the bonds between the 
structural elements in the sheet [7, 24, 33, 34, 38, 61]. There are indications, however, 
that modern mechanical pulps, which are mainly composed of fines and long fiber with a 
bimodal fiber length distribution, undergo significant fiber failure in tensile and tear testing 
[6, 27, 75, 77]. 
 
Several authors have investigated this problem. However, the experimental approach 
has been limited by the fact that bonding in mechanical pulps cannot be significantly 
increased without changing the sheet composition [6, 24, 77]. Refining as a means to 
increase bonding in mechanical pulps produces a significant amount of additional fines 
which alters the composition of the sheet [2, 115]. Wet pressing has limited effect on 
mechanical pulps, increasing bonding slightly in some cases, and having no effect at all 
in others [50, 136]. This is likely due to the fiber rebound after the pressure is released 
[50, 136]. Thus, most of the studies have relied on artificial blends, where bonding was 
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increased by increasing the fines content.  To maintain the fiber length constant,  the 
R28, R48 and R200 composition of the sheet is adjusted [3-6, 76, 77]. This approach has 
provided significant results, and has altered the perception about the operating domain, 
however, it has not been able to provide unambiguous proof of the significance of fiber 
failure on strength properties in mechanical pulps. 
 
The currently accepted explanation for tear strength was initially formulated by Van Den 
Akker, who proposed that tear work is controlled by two competing mechanisms: 
stretching of fibers until they break and fiber pull-out out of the network [187]. Shallhorn 
and Karnis have proposed a theory that describes the tear and tensile behavior of 
mechanical pulps using the mechanisms proposed by Van Den Akker [24]. The 
Shallhorn-Karnis model considers two cases where either only bond failure or bond and 
fiber failure control the fracture mechanism. Based on their theory, the domain transitions 
from negligible fiber failure to significant fiber failure where the sheet tear strength 
reaches its maximum. Thus, the Shallhorn-Karnis theory provides a method for analyzing 
the domain where the pulp is likely to operate. Tear-tensile relationships based on the 
Shallhorn-Karnis model are depicted in Figure 101 at various fiber lengths.  
 
            
Figure 101. Shallhorn-Karnis equation based tear index at various tensile index and shear 
bond strength for various fiber lengths 
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In order to circumvent the problem of altering the sheet composition to increase bonding, 
in this study the bonding was increased by wet pressing and press drying sheets to high 
levels of bonded area. The operating regime problem was then approached by 
interpreting the tear relative to bonding (where bonding is measured as T/Z, i.e. Tensile 
index divided by Zero span tensile index [188]) in whole TMP, its fractions and mixtures 
of these fractions.  Also, the tear-tensile relationship was investigated. In addition, the 
effect of fiber length on the tear strength at various bonding levels was studied using the 




Fiber middle and fines fractionation: The Bauer McNett apparatus was used to 
fractionate a hot disintegrated 110 CSF Norway spruce (Picea abies) TMP. The R28, 
R48, R200 and P200 fractions were collected. Later the R28 and R48 fractions were 
combined. The P200 fraction was collected using the sedimentation method [30]. The 
combined R28 and R48 fiber fraction was fractionated twice in order to achieve a near 
pure fiber fraction without any fines present. Handsheet forming: Handsheets were 
formed using a 150 mesh screen and recirculation of whitewater. Fines handsheets were 
formed on a dense glass fiber filterpaper. All handsheets were restraint dried if not dry 
after pressing. The target handsheet basis weight was 60 g/m2 O.D.  
 
Wet pressing: Couched handsheets were not pressed. Wet pressing was conducted at 0, 
65 (448 kPa), 489 (3372 kPa) and 978 (6743 kPa) psi and 23ºC using a Carver press 
with 3 blotter papers on the one side and a chrome plate on the other side of the 
handsheet. Wet pressed handsheets were pressed for 1 minute. Press drying: Press 
drying was conducted at 6 pressing levels 0, 0.8 (5.5 kPa), 8.1 (55.8 kPa), 16.3 (112 
kPa), 48.9 (337 kPa) and 163 (1124 kPa) psi. Individual handsheets were pressed 
between hot plates heated to 120ºC using a “sandwich” that consisted of a 
papermachine felt, wet blotter paper (to increase drying time and humidity above 100ºC), 
handsheet, chrome plate, and a filter paper (to protect the chrome plate). All press dried 
handsheets were pressed until completely dry. Testing: Tensile and Tear strengths were 
measured using the Tappi standard T-494,  with exceptions of a reduced span length (2 
inches), and 0.5 inches/min strain velocity in the tensile test. Zero span tensile strength 
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was measured using a Pulmac zero span tensile tester. The arithmetic fiber length was 




Domain transition and bonding 
 
Figure 102 depicts the decrease in tear index as the bonding (tensile index / zero span 
tensile index) is increased by wet pressing and press drying of whole pulp TMP sheets. 
The whole pulp TMP is already at maximum tear index without significant pressing, and 
decreases as pressure is increased independent of the pressing procedure used (wet 
pressing or press drying). Based on the Shallhorn-Karnis theory this distinctly shows that 
a modern whole pulp TMP, even at fairly high freeness (110 CSF), operates in a domain 
where fiber breaking can be considered a significant factor. Figure 102 indicates that the 
point where the domain changes from negligible fiber breaking to significant fiber 



































48.9 psi 163 psi
326 psi
 
Figure 102. Tear index at various levels of bonding (Tensile index / Zero span tensile index) 
of TMP (110 CSF) wet pressed and press dried to various levels of bonding 
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The effect of various mechanical pulp fractions on the domain transition was investigated 
using mixtures of fiber (R48), middle (R200) and fines (P200) fractions. All sheets were 
then wet pressed and press dried to different levels of bonding. The tear index vs. 
bonding index (Tensile index divided by Zero span) for fiber (R48) and fines (P200) 
mixed sheets is shown in Figure 103. The shape of the relationship is similar to that of a 
refining series or a pressing series in chemical pulps. Second order fits, which were 
forced through the origin were constructed for all mixtures used in this study. The 
coefficients for all the mixtures are summarized in Table 20. 
 
     
100/0/0 = -102.67x2 + 61.48x
R2 = 0.9192
90/0/10 = -69.486x2 + 52.843x
R2 = 0.8193
75/0/25 = -50.378x2 + 42.897x
R2 = 0.8532
50/0/50 = -39.422x2 + 34.936x
R2 = 0.9067





































       Table 20. Coefficients for mechanical pulp mixtures. 
Mixture 
Tear vs. T/Z 
coefficients   Bauer-McNett 
R48/R200/P200  a (x2) b (x) R2 
Fiber length, 
mm 
100/0/0 -102.67 61.48 0.9192 1.884 
90/10/0 -103.4 62.74 0.8153 1.738 
90/0/10 -69.486 52.843 0.8193 1.700 
72/25/0 -58.644 45.761 0.9232 1.496 
75/0/25 -50.378 42.897 0.8532 1.435 
50/50/0 -54.691 41.666 0.9265 1.092 
50/0/50 -39.422 34.936 0.9067 0.994 
37/37/25 -45.374 35.318 0.8859 0.839 
25/25/50 -33.253 26.648 0.8038 0.586 
0/100/0 -11.01 11.104 0.4769 0.283 
0/33/66 -7.0009 7.0075 0.7703 0.215 
0/66/33 -10.742 10.084 0.6352 0.148 
0/0/100 -2.5166 3.1952 0.5816 0.080 
  
 
The bonding index at the maximum tear index depicts the transition from predominantly 
bond failure to fiber failure, and was calculated based on the equation 28. The values for 













   Equation 28 
 
The maximum tear index was obtained for sheets containing R48 fiber fraction at a fairly 
constant bonding index between 0.3-0.45 depending on the sheet’s composition. The 
bonding index was lowest for the pure fiber sheets, and increased as fines or middle 
fractions were added (Figure 104). For pure fines and middle fraction sheets the bonding 
index at maximum tear index was significantly higher than for sheets with a fiber fraction 
present. In these sheets the tear index was fairly constant and the determination of the 





Figure 104. Bonding index (T/Z) at maximum tear index for various sheet compositions (Qubic fit)  
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Domain transition and tensile strength 
 
The tensile strength to tear strength relationship provides an alternative method for 
analyzing the domain transition. Shallhorn-Karnis equation predicts that the maximum 
tear strength is obtained when the sheet tensile strength is half of the fiber strength. The 
tear index relative to tensile index followed similar form as the tear vs. bonding index 
(Figure 105) and reinforced the earlier conclusion that a modern TMP operates at a 
regime where fiber failure has significant effect on the fracture mechanism of the pulp. 
There was a slight difference between the wet pressed and press dried sheets, which 
was not seen in the tear index vs. bonding index plot, and was likely due to the 
difference in zero span tensile strength of press dried and wet pressed sheets at 
constant tear index. The wet pressed sheets had slightly lower zero span tensile 
strengths. The tensile and tear index saturated at 163 psi and no additional strength 









































Figure 105. Tear index at various levels of tensile strength of TMP (110 CSF) wet pressed 
and press dried to various levels of bonding 
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The tear index vs. tensile index plots for fiber (R48) and fines (P200) mixed sheets are 
shown in Figure 106. Clear maximum tear strength was obtained for mixtures with high 
R48 fiber content. In Figure 106 the second order fits were plotted for each fiber (R48) –
fines (P200) mixture.  These were constructed for all mixtures used in this study. The 
coefficients for the mixtures are summarized in Table 21. No significant differences 
between wet pressed and press dried samples were observed. 
 
 
100/0/0 = -0.0129x2 + 0.7042x
R2 = 0.9461
90/0/10= -0.0092x2 + 0.6138x
R2 = 0.8158
75/0/25= -0.0067x2 + 0.5006x
R2 = 0.8575
50/0/50 = -0.0061x2 + 0.4269x
R2 = 0.7859








































        Table 21. Second order coefficients for mechanical pulp mixtures. 
Mixture 
Tear vs. Tensile index 
coefficients Bauer-McNett 
R48/R200/P200  a (x2) b (x) R2 
Fiber length, 
mm 
100/0/0 -0.0129 0.7042 0.9461 1.884 
90/10/0 -0.0119 0.6862 0.9333 1.738 
90/0/10 -0.0092 0.6138 0.8158 1.700 
75/25/0 -0.0072 0.5149 0.9268 1.496 
75/0/25 -0.0067 0.5006 0.8575 1.435 
50/50/0 -0.0059 0.4332 0.9044 1.092 
50/0/50 -0.0061 0.4269 0.7859 0.994 
37/37/25 -0.0052 0.3788 0.7663 0.839 
25/25/50 -0.0046 0.312 0.7688 0.586 
0/100/0 -0.0014 0.1234 0.4085 0.500 
0/66/33 -0.0014 0.1149 0.7325 0.215 
0/33/66 -0.0013 0.097 0.5051 0.148 
0/0/100 -0.0008 0.0555 0.4016 0.100 
  
The tensile index at the maximum tear index depicts the transition from predominant 
bond failure to fiber failure, and was calculated based on the equation 1. The values for 
a and b were derived from the quadratic best fits in Table 21. 
 
The maximum tear index was obtained for sheets containing R48 fiber fraction at a fairly 
constant tensile index between 28-36 Nm/g depending on the sheets composition, 
lowest for the pure fiber sheets (Figure 107). For pure fines and middle fraction sheets 
the tensile strength at maximum tear index was significantly higher than for sheet with 
fiber fraction present. This is likely an artifact of the quadratic fits. In pure fines and 
middle fraction sheets the tear index did not vary significantly making the determination 































In a beating series or wet pressing series with chemical pulps, tear often decreases 
while bonding index increase.  With coarse fibered pulps like Douglas fir or the southern 
pines, there is often an increase in tear at the very lowest bonding levels, with the curve 
going through a maximum and then a continuous decline in tear index with increased 
bonding [189].  The change is usually considered to be due to fibers breaking in the tear 
test, the maximum is near the bond strength where fiber failure begins to dominate the 
fracture mechanism.  In mechanical pulps, tear index often increases with increased 
refining and this has long been considered evidence that mechanical pulps operate in 
the bond failure domain where tear index increases with increased bonding. In this study 
the maximum tear strength was obtained approximately at a Tensile strength of 30 
Nm/g. This is consistent with earlier findings in mechanical pulps. Mohlin [77] has shown 
using the data of Lindholm [3-6, 76], where fines were added into fiber fraction, that the 
maximum tear strength is also obtained at approximately 30 Nm/g independent of the 
fiber fraction used.  Most commercial mechanical pulps are well above the 30 Nm/g 
Tensile strength limit, and thus can be assumed to generally operate in a domain where 
fiber failure is a significant mechanism in the paper failure.  
 
In this study, only sheets with very high fiber content provided data in the negligible fiber 
failure domain. For these, high fiber content sheets, the domain transition at higher 
levels of bonding resulted in a very visible break in the scattering coefficient vs. T/Z 
(bonding index) relationship. In Figure 108 the scattering coefficient was plotted against 
the bonding index (T/Z). Wet pressed sheets were not included. Figure 108 shows a 
clear change in slope from a linear relationship at low bonding region to a second 
relationship beyond the domain change. This indicates that the relationship between 
bonding and Tensile strength in the low bonding domain is linear, as was suggested by 

































Figure 108 . Scattering coefficient vs. bonding index (T/Z) for press dried 
100%R48+10%P200, 100%R48 and 90%R48+10%R200 mixed sheets 
 
The presence of the linear region means, that when a non-linear relationship between 
bonded area and tensile strength is used to estimate the total unbonded specific surface 
area (So) of the pulp, the So obtained will underestimate of the real total unbonded dry 
specific surface area of the sheet.  However, the non-linear behavior was only obvious 
for sheets with high fiber content in the high bonding regime. As fibers were replaced 
with fines or middle fractions the scattering-tensile relationship approached a linear 
model (Figure 109), suggesting that the fiber fraction undergoes fiber failure and fines 
fraction due to their short finer length predominantly bond failure. This is consistent with 
the findings in Chapter 1, where it was shown that whole pulp scattering-tensile 
relationship was better predicted with a linear fiber failure neglecting model than a non-
linear, significant fiber failure model (Page equation). Thus, it is likely that the correct 
model for bonding-tensile relationship is a combination of the fiber failure model for fiber 
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Tear strength in mechanical pulps is generally believed to be a factor of fiber length. 
Mohlin has shown that tear strength increased as the fiber length was increased at 
constant fines content (bonding) [77]. Similar results were also obtained here for the low 
bonding regime. In Figure 110 tear index estimated using the quadratic equations in 
Table 20 were plotted as a function of fiber length for three different bonding levels 
below the maximum tear index. In the low bonding regime the tear index was dependent 
on the fiber length of the pulp. This dependency became more pronounced as the 
bonding was increased until the maximum tear strength was reached.  Same linear 
dependency on fiber length was obtained when compared at a constant Tensile strength 
in the low bonding regime. This relationship is depicted in Figure 115 in the addendum.  
 
y = 2.5899x + 0.4104
R2 = 0.9661
y = 4.2122x + 0.8449
R2 = 0.9637
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 Figure 110. Fiber length dependency in the low bond strength region 
 
The results in Figure 110 are consistent with the Shallhorn-Karnis model, which predicts 
that in the low bonding domain the tear strength is directly proportional to fiber length 
and Tensile strength. This is shown in Figure 111, where the tear index was plotted 
against the product of Tensile strength and fiber length for all sheets that were below 
their tear maximum (Table 22 in the addendum). The linear fit in Figure 111 was forced 
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through the origin. Considering the significant variation in the structures of the sheets the 
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Figure 111. Tear index as a function of the product of tensile index and fiber length 
 
In addition, the plot in Figure 110 produced the same relationship as Figure 111 when it 
was plotted the same way against the product of tensile strength fiber length. All the 
different bonding levels collapsed on to a common line with a similar slope of 0.23 (R2 of 
0.84). This implies that the quadratic fits used in the analysis describe the tear strength 




Traditionally it has been assumed that mechanical pulps operate in a negligible fiber 
failure domain, where bond failure dominates the fracture in tear and tensile testing. In 
this paper it was shown, using tear and tensile strength data, that most mechanical pulps 
are in a domain where fiber failure can be considered a significant factor. Only sheets 
with very high long fiber (R48) content provide any data in the negligible fiber failure 
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domain. The region where the domain alters from negligible fiber failure to significant 
fiber failure was in the range of 0.3-0.45 T/Z (tensile strength/zero span tensile strength), 
and corresponded to a tensile strength range of approximately 30-40 Nm/g. The 
transition depends on the sheet composition, lowest for pure fiber (R48) sheets, and 
higher as fines or middle fractions are added. It was also shown that tear strength in the 
low bonding domain is a linear function of the sheet composition.  
 
Addendum to Chapter 6 
 
In the high bonding regime the tear index could not be explained with the commonly 
believed mechanisms. In chemical pulps it has been shown that the tear strength 
dependency on fiber length decreases and fiber strength increases as bonding is 
increased [191, 192]. The Shallhorn-Karnis equation also predicts this behavior, and 















TLTW   Equation 29 
 
   Where 
    W = Tear strength 
     L = Fiber length 
    To= Fiber strength  
    T = Tensile strength 
 
In this study the tear strength in the high bonding regime did not correlate well with fiber 
length or fiber strength, nor did tear strength follow the Shallhorn-Karnis equation.  As 
the bonding was increased beyond the tear maximum the fiber length-tear index 
correlation became non-existent. This was mainly due to the significant decrease in tear 
strength at high fiber lengths, as shown in Figure 112, where the tear index was plotted 
as a function fiber length for various bonding levels (T/Z) above the tear maximum.   
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Figure 112. Tear index as a function of fiber length (weight-weighted) at maximum tear 
index and high bonding domain 
 
The plot in Figure 112 is based on the quadratic equations in Table 20. However, the 
observed significant drop in tear index at long fiber lengths in the high bonding domain 
was not an artifact of the quadratic fits. The real measured data also showed this 
behavior as shown in Figure 106, where the 100% R48 fiber sheets showed significantly 
lower tear strengths at constant tensile strength in the high bonding domain in 
comparison with the sheets where fines were added into the fiber fraction. This behavior 
was also apparent when the right hand side of the equation 28 was plotted against the 
tear index using real measured data, assuming that To can be estimated using the zero 
span tensile strength. Each pulp produced unique relationships with the right side of the 
equation and the tear index, at the high bonding domain. This plot is shown in Figure 
113, where the tear index was plotted as function of the fiber length, tensile strength and 
zero span tensile strength for pure fiber and fines and their mixture pulps. In Figure 113 
only fiber (R48) and fines (P200) pure and mixed sheets that were pressed beyond the 




























Figure 113. Tear index as a function of fiber length, tensile strength and zero span tensile 
strength, according to equation 2. 
 
The tear index dependency on fiber length in the low bonding domain and the 
unexplained decrease in tear index at high fiber length in the high bonding domain could 
be better shown as a function of the sheet composition. These ternary plots are plotted 
in Figures 114 and 115, and they show that in the low bonding domain (measured either 
as tensile strength or T/Z) the tear index is a linear function of the sheet composition, 
whereas in the high bonding domain (beyond the tear maximum) sheets with high long 
fiber (R48) content show significant deviation from the linear addition rule. This is not in 
agreement with the earlier observations using chemical pulps or with the Shallhorn-







   
Figure 114. Tear index at various levels of bonding as a function of sheets compositions R48, R200 and P200 fractions) Qubic fits. Data 
based on the quadratic equations in Table 20. 
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Figure 115. Tear index at various tensile strengths as a function of sheet composition, ternary graph, qubic fits. Data based on the 
quadratic equations in Table 21. 
 
Table 22. Sheets below their tear index maximum 
Pressing     
Sheet 
composition   Density Tensile 
Tear 
index 
load, psi temp, °C Fiber Middle Fines kg/m3 
index, 
Nm/g mNm2/g 
0.00 23.00 0.50 0.00 0.50 238.07 26.06 7.70 
65.19 23.00 0.50 0.00 0.50 431.61 34.80 7.82 
0.00 23.00 0.74 0.00 0.26 169.72 19.36 7.80 
65.19 23.00 0.74 0.00 0.26 357.96 30.37 8.85 
488.94 23.00 0.74 0.00 0.26 444.65 33.00 9.89 
0.00 120.00 0.74 0.00 0.26 238.90 28.77 8.79 
0.00 23.00 0.89 0.00 0.11 144.45 11.95 5.84 
65.19 23.00 0.89 0.00 0.11 301.59 22.87 10.06 
488.94 23.00 0.89 0.00 0.11 365.85 26.82 9.13 
0.00 120.00 0.89 0.00 0.11 161.58 17.90 8.13 
0.00 23.00 0.99 0.00 0.01 119.08 4.32 2.87 
65.19 23.00 0.99 0.00 0.01 235.21 10.10 5.47 
488.94 23.00 0.99 0.00 0.01 233.77 8.48 5.00 
977.88 23.00 0.99 0.00 0.01 283.26 10.23 6.79 
0.00 120.00 0.99 0.00 0.01 125.95 5.74 3.71 
0.80 120.00 0.99 0.00 0.01 246.90 12.27 6.38 
3.26 120.00 0.99 0.00 0.01 358.23 15.91 7.01 
8.15 120.00 0.99 0.00 0.01 464.99 24.91 10.37 
0.00 23.00 0.50 0.50 0.00 196.27 23.65 7.30 
0.00 23.00 0.75 0.25 0.00 151.76 14.92 6.06 
65.19 23.00 0.75 0.25 0.00 278.94 23.78 8.36 
0.00 120.00 0.75 0.25 0.00 200.27 21.68 7.52 
0.00 23.00 0.90 0.10 0.00 139.31 9.91 5.32 
65.19 23.00 0.90 0.10 0.00 264.67 16.65 7.49 
488.94 23.00 0.90 0.10 0.00 340.19 20.92 9.26 
977.88 23.00 0.90 0.10 0.00 412.68 20.66 10.06 
0.00 120.00 0.90 0.10 0.00 153.42 12.23 6.26 


















The present investigation has dealt with the nature and significance of specific bonded 
area in mechanical pulps.  A modified Ingmansson and Thode pressing method was 
selected as the most applicable means to measure bonded area in mechanical pulps. In 
order to overcome the rigid, non-collapsible, nature of mechanical pulp press drying was 
used to densify the sheets. However, due to the heterogeneous nature of the pulp 
several problems were identified that needed to be researched before the use of the 
modified Ingmansson and Thode method could be justified. These problems were 
approached using a multitude of methods. 
 
Preliminary work established the reproducibility and optimum pressing technique for 
inducing bonding in mechanical pulps. It was shown that an efficient bonding increase of 
mechanical pulp can be achieved by press drying the sheets until they approach their 
50% relative humidity moisture content. The use of higher temperatures decreases the 
time to dry the sheet, and thus the time to produce the bonded sheet.  The use of 
elevated pressing pressures in press drying significantly induces bonding in all 
mechanical pulp fractions, and ultimately produces extended tensile strength to 
scattering coefficient relationships, similar to those in the Ingmansson and Thode 
method for chemical pulps.  
 
The applicability of the Ingmansson and Thode method relies on the use of scattering 
coefficient as a measure of specific surface area. In this study it was shown that 
scattering coefficient is an accurate estimate of mechanical pulp specific surface area at 
a constant wavelength of light, provided that the wavelength used to measure scattering 
coefficient is above the significant absorption limit. In this study it was shown that 600 
nm was adequate to overcome the significant absorption effect independent of sheet 
composition or pressing procedure. In addition it was shown that the scattering efficiency 
(scattering coefficient at constant specific surface area) was a function of the wavelength 
of light. This was explained with the wavelength dependency of refractive index of the 
material. 
  
In the Ingmansson and Thode method the sheet is pressed to higher levels of bonding 
using progressively higher levels of pressures.  In heterogeneous pulps, such as 
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mechanical pulps, it was not known if the various types of particles (fractions) 
experience the same forces during pressing, thus making the interpretation of scattering 
and tensile strength changes difficult. It was shown that the middle and fines fraction 
bond to a lesser degree in a mixed sheet than they do as a homogeneous pure sheet at 
a constant pressing level, indicating that the pressing force is predominantly transferred 
through the fiber fraction. However, the overall deviation from the linear addition model, 
where the mixture scattering coefficient is dictated by the individual components of the 
sheet was small (4.8%). If one then considers a totally unbonded sheet, where no 
interaction between different fractions occur, the total unbonded specific surface area 
(So) can be then reasonably be assumed to follow a similar linear addition rule as 
obtained for the pressed sheets. This was shown to be an accurate assumption using 
linear models to explain scattering coefficient as a function of tensile strength. The So 
followed the linear addition rule (R2=0.9933) with a 4.11% systematic error between the 
estimated and measured   So. Thus the relative bonded area (RBA) by definition was 
intrinsically non-linear as a function of the sheet composition. Thus, it is suggested that 
in heterogeneous structures specific bonded area rather than RBA should be used to 
explain the other bonding term. 
 
It was shown that the consolidation mechanisms associated with the press drying at 
elevated temperatures and wet pressing were significantly different. It was shown that 
the higher scattering coefficient at a constant density associated with wet pressing was 
due to the shift in pore size distribution of the fines fraction, where the wet pressed fines 
had significantly smaller pores and thus higher specific surface area at a constant void 
volume. The higher scattering coefficient of wet pressed sheets at constant tensile 
strength was assigned to the better stress transfer between bonded elements in the wet 
pressed sheet. This was also explained with the shift in pore size distribution of fines. In 
order to wet press fines to the same bonded area as in press drying significantly higher 
fines density is required. Thus the distances between the bonded elements are smaller, 
which is likely to affect the stress transfer ability between them.  
 
In order to be able to distinguish between bonded area and specific bond strength using 
the Ingmansson and Thode method it is necessary that the fundamental relationship 
between bonded area and tensile strength is established. Traditionally mechanical pulps 
have been assumed to operate in a domain where fiber failure can be considered 
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insignificant, and the bonded area to tensile strength relationship is linear. In this study it 
was shown indirectly, using tear resistance data at various bonding levels, that the 
domain transitions from the fiber failure negligible domain to significant fiber failure  at 
0.3-0.45 bonding index (tensile strength over zero span tensile strength), and 30-40 
Nm/g tensile strength depending on the sheet composition. This indicates that most 
commercial pulps operate in a significant fiber failure domain.  It was also shown that the 
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Appendix 1: Norway spruce TMP (110 CSF) data 
 
AVERAGES Whole pulp TMP (Norway spruce 110 CSF)
Mixture Load Temperature FQA BW Density Smoothside Roughside          In-plane ultrasonic                               Out-plane z- direction ultrasonic Tensile % strain TEA Spec Modulus Zero Span ZDT Tear index
R48 R200 P200 psi °C FL, mm g/m2 g/cc LAC, m2/kg LSC, m2/kg LAC, m2/kg LSC, m2/kg Poisson E (Gpa) G(Gpa) Caliper, um v, m/sec stiffness km
2/s2 index, Nm/g at max load J/m2 kNm/g Nm/g kN/g mNm2/g
0.56 0.12 0.32 0.00 23.00 1.127 67.28 222.77 1.91 61.53 1.86 61.40 0.30 0.91 0.35 290.24 1.09 0.07 26.12 1.57 16.62 2.61 86.05 2.49 8.70
0.56 0.12 0.32 65.19 23.00 1.127 68.98 395.69 1.87 61.53 1.90 61.99 0.33 2.09 0.79 174.75 0.61 0.08 34.34 1.43 21.09 3.53 89.62 4.01 8.39
0.56 0.12 0.32 488.94 23.00 1.127 67.49 510.83 1.88 56.81 1.84 56.24 0.30 3.05 1.17 135.24 0.45 0.09 40.45 1.85 34.46 3.94 85.92 5.70 7.51
0.56 0.12 0.32 977.88 23.00 1.127 69.53 590.73 1.93 54.19 1.96 55.74 0.28 3.56 1.41 123.23 0.38 0.10 43.10 1.77 33.94 4.22 93.86 5.26 6.89
0.56 0.12 0.32 0.00 120.00 1.127 64.46 293.72 2.21 54.62 2.11 55.24 0.31 1.69 0.65 215.05 0.71 0.09 33.89 1.39 18.34 3.33 90.10 3.22 8.72
0.56 0.12 0.32 0.80 120.00 1.127 65.86 370.61 2.15 43.49 2.09 43.83 0.32 2.37 0.90 182.71 0.55 0.11 42.73 1.50 27.15 4.22 92.90 4.59 7.71
0.56 0.12 0.32 8.15 120.00 1.127 66.05 633.54 2.15 43.13 2.10 44.31 0.29 4.67 1.81 115.14 0.25 0.22 51.94 1.73 39.05 5.16 95.04 8.09 6.42
0.56 0.12 0.32 16.30 120.00 1.127 68.87 742.30 2.06 40.36 2.06 41.31 0.31 5.96 2.28 105.03 0.20 0.27 55.10 1.52 35.34 5.60 97.71 11.34 5.66
0.56 0.12 0.32 48.89 120.00 1.127 67.95 913.19 1.96 31.57 2.03 34.61 0.30 8.14 3.12 84.64 0.14 0.38 61.28 1.50 41.16 6.24 101.09 14.58 4.75
0.56 0.12 0.32 162.98 120.00 1.127 66.78 1040.43 2.04 26.26 1.94 25.71 0.28 9.72 3.82 73.66 0.11 0.46 66.36 1.53 41.94 7.09 97.71 15.89 4.64
0.56 0.12 0.32 162.98 23.00 1.127 68.67 439.45 1.85 59.28 1.79 59.39 0.30 2.49 0.96 157.47 0.54 0.09 38.56 1.73 28.24 3.84 89.04 4.58 8.14
0.56 0.12 0.32 325.96 120.00 1.127 65.98 1112.34 1.88 20.75 1.91 21.49 0.27 10.61 4.18 69.86 0.10 0.48 65.60 1.40 36.80 7.08 101.00 15.43 4.27
0.56 0.12 0.32 65.19 23.00 1.127 68.92 631.88 2.27 53.94 2.29 55.04 0.29 3.92 1.52 116.33 0.29 0.16 43.48 1.88 36.70 4.24 90.77 9.33 6.98  
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AVERAGES R48 fiber and P200 fines mixed sheets (Norway spruce 110 CSF)
Mixture Load Temperature FQA BW Density Smoothside Roughside                   In-plane ultrasonic                                       Out-plane z- direction ultrasonic Tensile % strain TEA Spec Modulus Zero Span ZDT Tear index
R48 R200 P200 psi °C FL, mm g/m2 g/cc LAC, m2/kg LSC, m2/kg LAC, m2/kg LSC, m2/kg Poisson E (Gpa) G(Gpa) Caliper, um v, m/sec stiffness km
2/s2 index, Nm/g at max load J/m2 kNm/g Nm/g kN/g mNm2/g
0.00 0.00 1.00 0.00 23.00 0.080 70.14 314.44 2.77 109.18 2.63 107.05 0.24 1.09 0.44 227.41 0.59 0.15 28.33 1.80 21.99 2.41 48.27 8.43 1.00
0.00 0.00 1.00 65.19 23.00 0.080 70.33 483.09 2.77 101.32 2.64 101.88 0.26 2.17 0.86 153.82 0.38 0.17 33.06 1.66 24.34 3.08 48.65 11.29 0.92
0.00 0.00 1.00 488.94 23.00 0.080 70.78 620.98 2.79 88.50 2.64 91.46 0.26 3.17 1.26 119.81 0.30 0.16 36.69 1.60 26.50 3.58 52.61 12.43 1.01
0.00 0.00 1.00 977.88 23.00 0.080 71.33 659.38 2.79 85.09 2.62 85.47 0.26 3.56 1.41 114.12 0.28 0.17 37.82 1.49 25.54 3.83 52.86 13.19 1.00
0.00 0.00 1.00 0.00 120.00 0.080 71.59 438.07 2.95 94.08 2.78 94.00 0.24 2.08 0.84 174.72 0.40 0.19 35.92 1.51 24.13 3.34 51.69 12.41 1.15
0.00 0.00 1.00 0.80 120.00 0.080 73.32 500.31 3.12 78.48 2.94 76.75 0.26 2.85 1.13 154.27 0.38 0.16 40.51 1.22 21.17 4.31 51.58 7.58 0.93
0.00 0.00 1.00 8.15 120.00 0.080 75.13 684.15 2.98 68.06 2.93 71.17 0.27 4.23 1.67 129.55 0.28 0.22 46.48 1.36 28.29 4.55 53.29 13.01 0.83
0.00 0.00 1.00 16.30 120.00 0.080 74.16 744.06 3.13 60.81 3.13 66.23 0.27 4.83 1.91 112.82 0.20 0.31 47.47 1.34 21.90 4.88 54.93 12.38 0.82
0.00 0.00 1.00 48.89 120.00 0.080 75.07 971.28 2.92 48.21 2.99 53.40 5.82 2.08 92.18 0.15 0.39 51.09 1.53 37.70 5.11 56.95 11.47 0.85
0.00 0.00 1.00 162.98 120.00 0.080 70.12 1099.38 2.90 34.75 2.84 37.88 5.94 1.98 73.54 0.12 0.39 53.27 1.28 26.39 5.34 57.58 15.81 0.87
0.50 0.00 0.50 0.00 23.00 0.994 71.71 238.07 2.09 68.64 1.97 67.96 0.29 0.89 0.35 290.16 0.94 0.09 26.06 1.81 22.02 2.32 67.11 2.82 7.70
0.50 0.00 0.50 65.19 23.00 0.994 72.65 431.61 2.17 67.38 2.07 67.44 0.28 2.09 0.81 173.55 0.52 0.11 34.80 1.93 32.09 3.38 72.60 4.10 7.82
0.50 0.00 0.50 488.94 23.00 0.994 71.80 575.42 2.14 60.15 2.08 60.80 0.29 3.30 1.28 135.05 0.40 0.11 39.12 1.97 34.77 3.81 72.78 5.92 6.75
0.50 0.00 0.50 977.88 23.00 0.994 72.31 647.56 2.16 56.20 2.08 56.08 0.29 3.92 1.52 116.07 0.32 0.13 42.45 2.01 43.59 4.21 68.75 4.56 6.47
0.50 0.00 0.50 0.00 120.00 0.994 64.92 322.45 2.37 64.44 2.21 62.31 0.29 1.54 0.60 202.15 0.57 0.13 33.17 1.74 24.52 3.17 69.48 5.47 7.66
0.50 0.00 0.50 0.80 120.00 0.994 66.24 432.27 2.32 50.06 2.31 50.90 0.28 2.38 0.93 160.10 0.42 0.15 40.24 1.94 33.78 3.77 67.83 7.16 7.41
0.50 0.00 0.50 8.15 120.00 0.994 68.77 674.13 2.51 48.00 2.46 49.34 0.29 4.81 1.87 117.33 0.25 0.22 48.21 1.77 38.95 4.78 74.87 10.34 6.11
0.50 0.00 0.50 16.30 120.00 0.994 67.70 761.26 2.35 43.72 2.37 45.57 0.29 5.54 2.16 102.46 0.20 0.27 53.16 1.66 39.05 5.34 79.69 11.51 6.00
0.50 0.00 0.50 48.89 120.00 0.994 67.46 954.45 2.43 38.46 2.31 36.16 0.28 7.68 3.01 83.70 0.14 0.35 58.29 1.72 44.15 5.98 80.43 14.42 4.97
0.50 0.00 0.50 162.98 120.00 0.994 69.17 1153.91 2.31 25.82 2.17 25.04 0.28 9.77 3.82 73.22 0.12 0.38 55.87 1.67 42.67 5.87 77.89 15.31 4.21
0.74 0.00 0.26 0.00 23.00 1.435 72.86 169.72 1.65 48.30 1.65 45.16 0.30 0.57 0.22 407.48 1.77 0.05 19.36 1.47 14.17 2.01 70.80 1.20 7.80
0.74 0.00 0.26 65.19 23.00 1.435 73.78 357.96 1.71 51.49 1.71 50.62 0.30 1.66 0.64 208.55 0.80 0.07 30.37 1.81 26.28 3.12 79.15 1.87 8.85
0.74 0.00 0.26 488.94 23.00 1.435 71.19 444.65 1.93 48.53 1.89 47.89 0.29 2.35 0.91 155.75 0.56 0.08 33.00 1.88 30.49 3.32 82.07 2.75 9.89
0.74 0.00 0.26 977.88 23.00 1.435 69.69 524.25 1.93 47.08 1.94 47.82 0.28 3.01 1.18 134.64 0.45 0.09 37.47 1.77 31.12 3.83 84.59 1.96 8.74
0.74 0.00 0.26 0.00 120.00 1.435 70.10 238.90 1.97 45.92 1.96 45.23 0.29 1.01 0.39 280.32 1.01 0.08 28.77 1.60 20.76 2.90 79.02 1.54 8.79
0.74 0.00 0.26 0.80 120.00 1.435 69.70 346.65 2.06 40.28 2.02 40.43 0.29 1.72 0.67 207.87 0.64 0.10 35.67 1.76 27.96 3.46 83.88 3.37 9.56
0.74 0.00 0.26 8.15 120.00 1.435 72.55 570.97 2.03 40.31 2.00 39.36 0.28 3.52 1.38 136.30 0.34 0.16 43.66 1.95 41.65 4.06 84.44 6.87 8.41
0.74 0.00 0.26 16.30 120.00 1.435 70.50 698.56 1.94 35.04 2.01 36.26 0.28 4.83 1.90 112.06 0.24 0.22 51.30 1.85 43.83 4.95 86.45 6.99 7.63
0.74 0.00 0.26 48.89 120.00 1.435 71.50 885.68 2.02 30.69 1.95 28.84 0.29 7.42 2.88 92.88 0.16 0.34 60.00 2.04 61.78 5.99 87.65 11.03 6.64
0.74 0.00 0.26 162.98 120.00 1.435 68.32 1065.58 1.96 22.54 2.07 25.17 0.27 9.57 3.76 76.64 0.12 0.42 61.38 1.86 51.54 6.26 91.09 13.41 5.21
0.89 0.00 0.11 0.00 23.00 1.700 63.82 144.45 1.47 36.32 1.56 37.00 0.27 0.45 0.18 371.00 1.92 0.04 11.95 1.33 8.26 1.35 80.27 0.82 5.84
0.89 0.00 0.11 65.19 23.00 1.700 67.79 301.59 1.50 40.97 1.56 40.45 0.26 1.28 0.51 202.70 0.96 0.05 22.87 1.50 15.70 2.50 81.59 1.16 10.06
0.89 0.00 0.11 488.94 23.00 1.700 65.73 365.85 1.56 38.71 1.57 38.44 0.27 1.74 0.68 159.69 0.72 0.05 26.82 1.60 18.39 2.85 82.39 1.37 9.13
0.89 0.00 0.11 977.88 23.00 1.700 66.42 447.98 1.58 37.54 1.65 37.50 0.25 2.31 0.93 181.01 0.54 0.07 31.80 1.76 24.54 3.30 84.83 1.54 10.69
0.89 0.00 0.11 0.00 120.00 1.700 66.87 161.58 1.55 34.14 1.60 34.43 0.32 0.66 0.25 363.55 1.71 0.05 17.90 1.22 9.88 2.13 82.59 0.87 8.13
0.89 0.00 0.11 0.80 120.00 1.700 66.53 282.09 1.74 32.85 1.74 32.98 0.28 1.26 0.49 223.96 0.91 0.08 26.53 1.33 14.25 2.86 85.67 1.41 10.90
0.89 0.00 0.11 8.15 120.00 1.700 64.10 539.04 1.99 32.72 1.96 32.15 0.28 3.23 1.26 124.41 0.34 0.15 38.41 1.43 21.56 4.22 87.82 3.10 9.11
0.89 0.00 0.11 16.30 120.00 1.700 63.54 621.00 1.87 30.18 1.91 30.98 0.28 4.22 1.65 105.96 0.26 0.17 43.13 1.70 31.86 4.71 89.39 3.35 8.28
0.89 0.00 0.11 48.89 120.00 1.700 64.01 784.61 1.83 25.84 1.83 25.37 0.29 6.33 2.46 84.58 0.16 0.28 52.34 1.76 40.88 5.76 89.02 7.17 6.86
0.89 0.00 0.11 162.98 120.00 1.700 66.75 911.87 1.75 20.39 1.80 21.25 0.29 7.96 3.10 77.16 0.13 0.35 56.11 1.97 51.22 6.06 88.62 11.72 6.28
0.99 0.00 0.01 0.00 23.00 1.884 63.07 119.08 1.37 29.41 1.30 27.48 0.29 0.23 0.09 443.67 1.59 0.08 4.32 1.10 3.29 0.49 77.98 0.23 2.87
0.99 0.00 0.01 65.19 23.00 1.884 70.25 235.21 1.35 31.36 1.29 29.28 0.22 0.71 0.29 274.94 1.47 0.03 10.10 0.93 4.32 1.41 84.23 0.38 5.47
0.99 0.00 0.01 488.94 23.00 1.884 65.43 233.77 1.27 28.61 1.34 30.04 0.23 0.66 0.27 243.29 1.29 0.04 8.48 0.86 3.81 1.20 81.45 0.40 5.00
0.99 0.00 0.01 977.88 23.00 1.884 67.55 283.26 1.37 29.49 1.31 28.00 0.24 1.00 0.41 223.23 1.17 0.04 10.23 0.82 3.90 1.88 85.25 0.50 6.79
0.99 0.00 0.01 0.00 120.00 1.884 63.78 125.95 1.35 27.51 1.37 27.25 0.28 0.31 0.12 429.98 1.57 0.07 5.74 0.84 3.02 0.80 78.83 0.31 3.71
0.99 0.00 0.01 0.80 120.00 1.884 64.28 246.90 1.58 27.87 1.58 28.23 0.24 0.92 0.37 272.40 1.11 0.06 12.27 0.74 3.42 1.96 91.21 0.58 6.38
0.99 0.00 0.01 3.26 120.00 1.884 63.63 358.23 1.59 27.45 1.55 27.85 0.22 1.64 0.67 173.95 0.61 0.08 15.91 0.87 6.09 2.24 81.95 0.71 7.01
0.99 0.00 0.01 8.15 120.00 1.884 64.87 464.99 1.57 26.23 1.53 25.93 0.25 2.67 1.07 139.18 0.40 0.12 24.91 0.93 9.11 3.68 88.14 1.13 10.37
0.99 0.00 0.01 16.30 120.00 1.884 67.64 621.86 1.56 24.12 1.60 25.31 0.25 4.10 1.64 119.20 0.29 0.17 29.45 1.00 11.68 4.27 92.99 1.26 9.55
0.99 0.00 0.01 48.89 120.00 1.884 61.23 764.43 1.56 21.32 1.51 21.33 0.23 5.94 2.42 86.50 0.16 0.30 36.94 1.04 14.58 5.36 99.07 5.66 8.10
0.99 0.00 0.01 162.98 120.00 1.884 63.31 899.34 1.39 16.00 1.40 16.23 0.20 7.60 3.16 75.37 0.12 0.40 41.96 1.29 21.97 5.66 94.42 7.92 6.95  
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AVERAGES R48 fiber and R200 middle fraction mixed sheets (Norway spruce 110 CSF)
Mixture Load Temperature FQA BW Density Smoothside Roughside          In-plane ultrasonic                               Out-plane z- direction ultrasonic Tensile % strain TEA Spec Modulus Zero Span ZDT Tear index
R48 R200 P200 psi °C FL, mm g/m2 g/cc LAC, m2/kg LSC, m2/kg LAC, m2/kg LSC, m2/kg Poisson E (Gpa) G(Gpa) Caliper, um v, m/sec stiffness km
2/s2 index, Nm/g at max load J/m2 kNm/g Nm/g kN/g mNm2/g
0.00 1.00 0.00 0.00 23.00 0.283 66.75 275.23 2.15 62.20 2.16 61.05 0.25 1.14 0.46 236.65 0.92 0.07 34.00 2.06 24.48 2.98 82.11 3.44 2.80
0.00 1.00 0.00 65.19 23.00 0.283 66.16 460.23 2.10 58.41 2.06 56.16 0.28 2.62 1.03 146.95 0.48 0.09 42.03 1.97 37.41 3.94 84.94 5.87 2.95
0.00 1.00 0.00 488.94 23.00 0.283 65.60 566.24 2.25 51.72 2.27 51.15 0.27 3.49 1.38 118.95 0.37 0.10 45.79 1.94 37.45 4.30 84.44 6.97 2.85
0.00 1.00 0.00 977.88 23.00 0.283 65.34 624.09 2.13 46.03 2.18 46.57 0.29 4.16 1.62 105.42 0.30 0.12 46.87 1.90 38.94 4.55 83.54 8.07 2.95
0.00 1.00 0.00 0.00 120.00 0.283 62.30 364.85 2.35 54.31 2.38 54.44 0.27 2.17 0.86 172.06 0.55 0.10 41.94 1.59 26.22 4.11 84.63 6.17 2.70
0.00 1.00 0.00 0.80 120.00 0.283 69.74 460.66 2.44 42.65 2.34 41.51 0.28 3.27 1.28 156.61 0.45 0.12 47.64 1.38 28.79 4.97 91.35 6.46 2.59
0.00 1.00 0.00 8.15 120.00 0.283 62.45 675.82 2.40 40.72 2.45 40.50 0.29 5.41 2.11 103.52 0.22 0.22 53.28 1.40 29.21 5.41 88.31 10.66 2.49
0.00 1.00 0.00 16.30 120.00 0.283 62.72 776.19 2.35 37.33 2.38 38.02 0.27 6.42 2.53 91.87 0.17 0.28 53.17 1.56 34.23 5.45 91.53 12.60 2.68
0.00 1.00 0.00 48.89 120.00 0.283 63.20 934.90 2.34 30.90 2.27 29.63 0.29 8.67 3.36 78.40 0.13 0.37 64.95 1.61 42.23 6.58 91.70 14.14 2.55
0.00 1.00 0.00 162.98 120.00 0.283 63.12 1047.65 2.26 23.95 2.26 23.00 0.28 10.41 4.06 68.87 0.10 0.47 64.61 1.53 39.73 6.76 92.50 15.02 2.26
0.50 0.50 0.00 0.00 23.00 1.092 67.57 196.27 1.79 48.65 1.79 48.07 0.28 0.66 0.26 329.82 1.49 0.05 23.65 1.94 20.43 2.04 82.32 1.83 7.30
0.50 0.50 0.00 65.19 23.00 1.092 68.03 372.58 1.79 48.74 1.87 49.42 0.28 1.79 0.70 183.63 0.71 0.07 33.20 1.99 29.70 3.10 84.30 3.33 7.85
0.50 0.50 0.00 488.94 23.00 1.092 67.66 466.37 1.75 44.16 1.79 43.84 0.27 2.61 1.03 143.67 0.52 0.08 38.24 1.96 32.92 3.67 82.56 4.00 7.71
0.50 0.50 0.00 977.88 23.00 1.092 67.65 549.29 1.82 41.98 1.85 41.74 0.27 3.31 1.30 123.40 0.40 0.09 39.71 2.10 38.80 3.76 88.92 4.50 7.21
0.50 0.50 0.00 0.00 120.00 1.092 67.41 266.92 1.94 44.93 1.95 44.29 0.29 1.30 0.50 252.54 0.98 0.07 30.89 1.59 20.04 3.10 86.46 2.64 8.07
0.50 0.50 0.00 0.80 120.00 1.092 67.52 340.64 2.14 38.42 2.23 37.93 0.28 1.73 0.74 204.48 0.68 0.09 38.64 1.83 30.67 3.55 87.41 4.65 8.47
0.50 0.50 0.00 8.15 120.00 1.092 67.77 626.41 2.05 37.54 2.11 36.42 0.28 4.62 1.80 123.60 0.29 0.18 47.17 1.65 33.96 4.80 94.43 6.60 6.92
0.50 0.50 0.00 16.30 120.00 1.092 66.86 740.65 2.01 33.02 2.10 33.32 0.29 5.96 2.31 101.60 0.21 0.24 53.68 1.65 37.65 5.51 95.77 8.81 6.19
0.50 0.50 0.00 48.89 120.00 1.092 65.70 893.22 2.12 30.04 2.08 29.06 0.28 8.03 3.14 85.12 0.14 0.35 56.96 1.62 40.61 6.07 96.85 12.81 5.25
0.50 0.50 0.00 162.98 120.00 1.092 66.30 1027.83 1.96 21.65 2.01 22.13 0.28 9.86 3.85 74.62 0.11 0.45 62.46 1.64 6.62 97.21 13.57 4.44
0.75 0.25 0.00 0.00 23.00 1.496 63.23 151.76 1.77 39.38 1.73 39.54 0.30 0.45 0.18 377.40 1.92 0.04 14.92 1.40 9.61 1.60 79.00 1.36 6.06
0.75 0.25 0.00 65.19 23.00 1.496 64.74 278.94 1.68 40.68 1.70 41.80 0.28 1.07 0.41 219.79 1.05 0.04 23.78 1.51 13.92 2.50 83.96 1.83 8.36
0.75 0.25 0.00 488.94 23.00 1.496 65.69 371.91 1.75 40.45 1.69 40.37 0.29 1.87 0.73 165.78 0.73 0.05 28.87 1.36 15.87 3.18 90.35 2.17 8.43
0.75 0.25 0.00 977.88 23.00 1.496 64.72 430.98 1.75 38.16 1.71 38.16 0.32 2.35 0.94 132.54 0.53 0.06 29.88 1.38 16.12 3.29 88.13 2.98 9.24
0.75 0.25 0.00 0.00 120.00 1.496 63.46 200.27 2.09 39.37 2.03 38.27 0.30 0.79 0.30 299.78 1.34 0.05 21.68 1.29 10.93 2.44 87.17 1.87 7.52
0.75 0.25 0.00 0.80 120.00 1.496 63.98 296.62 1.96 34.04 1.94 34.86 0.30 1.34 0.56 199.98 0.70 0.08 30.11 1.49 18.41 3.18 88.93 2.93 9.31
0.75 0.25 0.00 8.15 120.00 1.496 63.43 544.76 2.06 33.82 1.97 33.40 0.29 3.72 1.44 113.80 0.29 0.15 42.45 1.59 26.88 4.40 86.59 5.77 8.48
0.75 0.25 0.00 16.30 120.00 1.496 64.22 652.31 2.03 30.99 1.93 31.04 0.31 4.67 1.79 96.60 0.21 0.19 48.14 1.78 36.79 5.05 91.09 6.41 7.58
0.75 0.25 0.00 48.89 120.00 1.496 63.60 749.01 1.88 27.00 1.91 28.17 0.30 6.02 2.32 84.31 0.16 0.26 49.73 1.89 40.15 5.28 90.54 6.06 6.99
0.75 0.25 0.00 162.98 120.00 1.496 60.96 934.06 1.92 21.06 1.86 21.21 0.27 8.66 3.40 66.82 0.10 0.41 59.07 1.82 43.79 6.13 91.46 7.50 5.33
0.90 0.10 0.00 0.00 23.00 1.738 65.75 139.31 1.50 32.86 1.54 33.05 0.30 0.35 0.14 434.19 2.00 0.05 9.91 1.28 6.89 1.10 83.00 0.61 5.32
0.90 0.10 0.00 65.19 23.00 1.738 66.83 264.67 1.69 35.45 1.70 35.31 0.28 0.96 0.38 244.92 1.21 0.04 16.65 1.25 10.05 1.95 85.87 0.80 7.49
0.90 0.10 0.00 488.94 23.00 1.738 66.66 340.19 1.64 33.85 1.64 33.30 0.28 1.48 0.58 179.63 0.80 0.05 20.92 1.24 11.52 2.38 88.94 0.88 9.26
0.90 0.10 0.00 977.88 23.00 1.738 69.16 412.68 1.62 31.33 1.60 31.06 0.28 1.94 0.76 158.65 0.64 0.06 20.66 1.34 12.73 2.52 90.63 1.12 10.06
0.90 0.10 0.00 0.00 120.00 1.738 66.16 153.42 1.60 32.09 1.61 32.01 0.31 0.50 0.19 414.05 1.92 0.05 12.23 1.04 6.35 1.56 78.15 0.77 6.26
0.90 0.10 0.00 0.80 120.00 1.738 68.78 259.70 1.93 30.00 1.85 30.68 0.29 1.07 0.41 247.36 0.94 0.07 20.85 1.28 11.26 2.39 91.14 0.99 9.28
0.90 0.10 0.00 8.15 120.00 1.738 66.72 518.34 1.84 29.65 1.79 29.83 0.29 2.99 1.16 141.23 0.39 0.13 29.50 1.15 14.34 3.73 92.76 1.99 9.94
0.90 0.10 0.00 16.30 120.00 1.738 66.50 644.30 1.87 29.26 1.79 28.06 0.29 4.26 1.65 113.38 0.26 0.18 34.76 1.28 18.91 4.26 91.15 2.21 9.33
0.90 0.10 0.00 48.89 120.00 1.738 67.22 794.41 1.77 23.64 1.78 24.34 0.28 6.25 2.45 96.58 0.19 0.26 41.59 1.24 20.70 5.45 98.61 2.97 8.03
0.90 0.10 0.00 162.98 120.00 1.738 64.33 909.58 1.72 19.71 1.73 19.93 0.26 7.73 3.07 81.99 0.14 0.33 44.80 1.43 27.67 5.58 101.22 8.77 6.72
0.90 0.10 0.00 65.19 120.00 1.738 65.25 818.72 1.78 23.40 1.76 22.95 0.29 6.70 2.61 90.32 0.16 0.30 43.55 1.39 25.84 5.38 97.59 4.65 7.55  
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AVERAGES R48 fiber,  R200 middle and P200 fines fraction mixed sheets (Norway spruce 110 CSF)
Mixture Load Temperature FQA BW Density Smoothside Roughside          In-plane ultrasonic                               Out-plane z- direction ultrasonic Tensile % strain TEA Spec Modulus Zero Span ZDT Tear index
R48 R200 P200 psi °C FL, mm g/m2 g/cc LAC, m2/kg LSC, m2/kg LAC, m2/kg LSC, m2/kg Poisson E (Gpa) G(Gpa) Caliper, um v, m/sec stiffness km
2/s2 index, Nm/g at max load J/m2 kNm/g Nm/g kN/g mNm2/g
0.00 0.33 0.67 0.00 23.00 0.148 66.82 303.26 2.98 90.95 2.85 92.75 0.26 1.14 0.45 223.22 0.62 0.13 28.48 1.90 18.89 2.83 64.09 7.03 1.71
0.00 0.33 0.67 65.19 23.00 0.148 66.77 467.40 3.03 86.83 2.92 89.61 0.27 2.28 0.90 150.35 0.39 0.15 33.85 1.68 26.30 3.58 65.71 10.69 1.99
0.00 0.33 0.67 488.94 23.00 0.148 66.82 564.07 2.94 78.80 2.87 82.65 0.26 3.03 1.21 125.42 0.33 0.15 35.82 1.47 23.94 3.89 67.75 11.14 1.74
0.00 0.33 0.67 977.88 23.00 0.148 67.38 633.97 2.93 74.93 2.82 77.46 0.26 3.53 1.40 114.09 0.29 0.15 37.70 1.38 22.24 4.12 70.40 9.95 1.78
0.00 0.33 0.67 0.00 120.00 0.148 65.66 411.06 3.18 80.08 3.12 80.68 0.26 2.12 0.85 163.21 0.39 0.17 34.85 1.27 18.13 3.92 65.93 9.95 1.60
0.00 0.33 0.67 0.80 120.00 0.148 61.63 487.10 3.31 67.01 3.38 68.78 0.27 2.98 1.21 131.55 0.31 0.18 44.52 1.30 22.14 4.80 70.66 14.34 1.67
0.00 0.33 0.67 8.15 120.00 0.148 66.59 653.98 3.20 62.51 3.16 62.84 0.27 4.19 1.65 113.03 0.23 0.25 43.21 2.75 20.52 4.61 67.96 14.05 1.53
0.00 0.33 0.67 16.30 120.00 0.148 65.50 736.37 3.14 56.11 3.30 59.27 0.27 5.08 2.00 96.71 0.18 0.30 45.24 1.14 19.68 5.00 71.03 13.81 1.53
0.00 0.33 0.67 48.89 120.00 0.148 66.02 898.80 3.18 45.86 3.03 47.95 0.27 6.98 2.76 83.19 0.14 0.37 52.83 1.30 27.39 5.71 72.16 16.99 1.54
0.00 0.33 0.67 162.98 120.00 0.148 65.31 1032.49 3.09 34.46 3.16 37.10 0.29 8.65 3.42 71.92 0.11 0.40 53.44 1.19 25.37 6.22 73.56 17.50 1.30
0.00 0.67 0.33 0.00 23.00 0.215 65.48 303.18 2.88 77.16 2.78 76.78 0.29 1.28 0.49 216.33 0.69 0.10 29.31 1.70 19.81 2.83 80.69 5.13 2.27
0.00 0.67 0.33 65.19 23.00 0.215 65.15 472.76 2.63 71.53 2.58 73.39 0.30 2.56 0.98 143.15 0.41 0.12 36.28 1.56 22.98 3.62 79.54 8.18 2.39
0.00 0.67 0.33 488.94 23.00 0.215 65.38 587.64 2.58 63.91 2.50 65.06 0.30 3.54 1.36 116.36 0.33 0.12 39.57 1.50 23.97 3.95 82.59 9.67 2.35
0.00 0.67 0.33 977.88 23.00 0.215 65.59 641.19 2.57 59.82 2.53 62.23 0.29 4.05 1.57 109.56 0.30 0.14 42.40 1.63 29.52 4.18 85.52 8.72 2.34
0.00 0.67 0.33 0.00 120.00 0.215 62.93 401.53 2.88 66.57 2.84 67.61 0.30 2.43 0.93 159.44 0.44 0.13 39.13 1.39 20.92 4.10 86.54 8.49 2.39
0.00 0.67 0.33 0.80 120.00 0.215 71.90 474.79 2.58 51.99 2.54 51.50 0.29 3.16 1.23 151.11 0.40 0.14 41.81 1.14 19.63 4.52 82.87 7.48 2.28
0.00 0.67 0.33 8.15 120.00 0.215 65.16 669.62 2.74 52.08 2.71 51.80 0.30 4.88 1.88 109.26 0.23 0.22 48.68 1.40 26.74 4.92 84.66 12.77 2.34
0.00 0.67 0.33 16.30 120.00 0.215 64.92 774.81 2.62 45.70 2.63 46.92 0.28 6.01 2.36 93.18 0.17 0.29 51.54 1.34 27.13 5.44 85.32 14.60 2.21
0.00 0.67 0.33 48.89 120.00 0.215 64.58 924.89 2.72 38.78 2.56 38.00 0.30 7.92 3.06 79.39 0.13 0.35 58.51 1.42 33.63 6.22 89.74 16.12 2.12
0.00 0.67 0.33 162.98 120.00 0.215 64.34 1057.27 2.61 29.52 2.60 30.28 0.31 9.59 3.69 70.48 0.11 0.41 57.95 0.95 21.18 6.39 93.15 16.57 1.91
0.25 0.25 0.50 0.00 23.00 0.586 67.52 256.52 2.74 80.45 2.71 78.72 0.30 0.93 0.36 270.64 0.85 0.10 23.92 1.66 16.60 2.36 65.33 5.98 5.49
0.25 0.25 0.50 65.19 23.00 0.586 68.38 419.86 2.55 74.13 2.48 74.29 0.28 2.01 0.79 167.56 0.47 0.13 32.55 1.79 26.34 3.31 70.29 8.95 5.42
0.25 0.25 0.50 488.94 23.00 0.586 68.04 542.37 2.59 67.53 2.69 72.15 0.28 2.90 1.14 127.76 0.35 0.13 35.12 1.78 28.58 3.76 73.02 9.82 5.01
0.25 0.25 0.50 977.88 23.00 0.586 68.84 636.70 2.66 61.38 2.62 62.62 0.28 3.73 1.46 114.29 0.29 0.15 36.35 1.62 26.70 3.71 72.62 9.34 4.58
0.25 0.25 0.50 0.00 120.00 0.586 67.47 335.15 2.86 70.81 2.86 75.22 0.30 1.74 0.67 199.57 0.54 0.14 33.61 1.43 21.21 3.74 75.04 8.26 5.36
0.25 0.25 0.50 0.80 120.00 0.586 66.71 432.48 2.94 56.74 2.98 60.10 0.29 2.71 1.05 159.55 0.39 0.16 40.84 1.36 23.37 4.33 75.04 9.55 5.25
0.25 0.25 0.50 8.15 120.00 0.586 67.00 611.35 2.94 56.40 3.03 58.18 0.30 4.39 1.69 121.52 0.22 0.29 44.38 1.30 24.06 5.00 80.06 12.17 4.60
0.25 0.25 0.50 16.30 120.00 0.586 67.59 719.61 2.85 49.72 2.82 51.99 0.29 5.39 2.09 104.87 0.18 0.35 46.97 1.26 24.57 5.24 82.98 12.22 3.99
0.25 0.25 0.50 48.89 120.00 0.586 67.19 880.51 2.80 41.50 2.78 42.92 0.29 7.13 2.76 85.47 0.12 0.48 51.53 1.23 25.94 5.79 86.96 15.96 3.64
0.25 0.25 0.50 162.98 120.00 0.586 66.54 1001.27 2.98 31.98 3.01 32.95 0.30 8.96 3.46 73.95 0.10 0.59 56.98 1.34 31.58 6.39 84.29 14.99 3.16
0.38 0.38 0.25 0.00 23.00 0.839 67.96 237.08 2.35 65.78 2.33 64.54 0.28 0.87 0.34 278.26 1.00 0.08 24.77 1.73 19.09 2.56 83.50 2.94 6.78
0.38 0.38 0.25 65.19 23.00 0.839 68.73 417.62 2.21 60.60 2.19 60.85 0.28 2.12 0.82 166.25 0.52 0.10 33.08 1.71 24.83 3.44 84.93 5.16 6.85
0.38 0.38 0.25 488.94 23.00 0.839 67.85 527.15 2.24 55.49 2.21 55.92 0.28 2.98 1.17 130.25 0.39 0.11 39.26 1.86 33.75 4.03 82.83 5.57 6.93
0.38 0.38 0.25 977.88 23.00 0.839 67.86 587.43 2.22 52.37 2.24 53.78 0.30 3.52 1.36 118.53 0.33 0.13 39.62 1.72 31.11 4.39 89.64 6.24 6.07
0.38 0.38 0.25 0.00 120.00 0.839 66.20 324.97 2.38 57.57 2.32 57.59 0.31 1.79 0.68 202.70 0.61 0.11 33.75 1.64 23.02 3.45 87.70 5.59 7.27
0.38 0.38 0.25 0.80 120.00 0.839 68.17 426.66 2.27 46.98 2.33 47.82 0.28 2.54 0.99 171.09 0.47 0.13 38.33 1.45 23.34 3.95 86.35 6.34 6.67
0.38 0.38 0.25 8.15 120.00 0.839 67.45 624.49 2.25 44.66 2.29 45.93 0.28 4.27 1.67 116.33 0.24 0.23 44.63 1.61 31.08 4.59 85.58 10.24 5.85
0.38 0.38 0.25 16.30 120.00 0.839 66.50 741.06 2.38 43.29 2.43 45.00 0.29 5.72 2.22 100.41 0.18 0.30 51.77 1.43 31.55 5.69 97.31 11.81 5.58
0.38 0.38 0.25 48.89 120.00 0.839 66.54 905.78 2.34 35.11 2.30 36.28 0.27 7.93 3.12 81.80 0.12 0.49 59.55 1.50 37.58 6.26 95.66 12.57 4.74









STANDARD DEVIATIONS R48 fiber and P200 fines mixed sheets (Norway spruce 110 CSF)
Mixture Load Temperature BW Density Smoothside Roughside          In-plane ultrasonic                      Out-plane z- direction ultrasonic Tensile % strain TEA Spec Modulus Zero Span ZDT
R48 R200 P200 psi °C g/m2 g/cc LAC, m2/kg LSC, m2/kg LAC, m2/kg LSC, m2/kg E (Gpa) G(Gpa) Caliper, um v, m/sec tiffness km2/s index, Nm/g at max load J/m2 Nm/g Nm/g kN/g
0.00 0.00 1.00 0.00 23.00 0.824 5.95 0.13 1.88 0.08 5.14 0.01 0.00 2.77 0.01 0.00 0.77 0.30 4.65 0.06 2.98 2.24
0.00 0.00 1.00 65.19 23.00 0.553 12.39 0.12 4.42 0.11 3.83 0.08 0.03 3.41 0.01 0.00 2.01 0.25 5.92 0.04 0.93 1.51
0.00 0.00 1.00 488.94 23.00 0.433 16.62 0.10 2.44 0.05 2.68 0.06 0.03 3.52 0.01 0.00 2.43 0.24 6.28 0.19 1.00 0.62
0.00 0.00 1.00 977.88 23.00 0.798 26.91 0.06 6.74 0.06 2.95 0.20 0.06 3.38 0.01 0.01 2.06 0.20 6.34 0.09 1.00 0.71
0.00 0.00 1.00 0.00 120.00 1.566 14.75 0.18 6.80 0.15 4.89 0.15 0.05 5.39 0.01 0.00 3.68 0.30 8.57 0.36 1.33 0.62
0.00 0.00 1.00 0.80 120.00 0.342 11.44 0.44 5.98 0.22 7.90 0.20 0.08 4.78 0.01 0.01 1.61 0.07 2.23 0.09 2.31 1.20
0.00 0.00 1.00 8.15 120.00 0.637 20.52 0.20 5.11 0.10 3.33 0.14 0.04 3.79 0.02 0.02 2.31 0.12 4.22 0.14 1.95 0.58
0.00 0.00 1.00 16.30 120.00 0.575 23.52 0.08 0.80 0.18 3.41 0.25 0.09 2.90 0.01 0.01 6.66 0.31 4.15 0.27 2.92 0.94
0.00 0.00 1.00 48.89 120.00 0.839 11.98 0.11 1.58 0.30 7.36 1.20 0.94 0.40 0.00 0.01 3.16 0.21 8.71 0.14 2.37 2.66
0.00 0.00 1.00 162.98 120.00 0.731 19.42 0.05 1.42 0.13 1.67 1.95 1.05 1.61 0.00 0.02 4.90 0.11 4.31 0.31 1.24 0.66
0.50 0.00 0.50 0.00 23.00 1.587 2.92 0.03 1.08 0.08 1.92 0.03 0.01 8.42 0.02 0.00 0.64 0.12 3.56 0.13 4.81 0.76
0.50 0.00 0.50 65.19 23.00 3.017 5.33 0.08 1.75 0.05 2.33 0.03 0.01 6.40 0.01 0.00 1.73 0.24 6.57 0.13 2.32 2.04
0.50 0.00 0.50 488.94 23.00 3.828 16.80 0.07 1.70 0.07 2.32 0.09 0.04 6.00 0.02 0.00 2.11 0.25 5.33 0.24 4.06 2.36
0.50 0.00 0.50 977.88 23.00 2.652 10.24 0.06 1.96 0.06 2.13 0.20 0.06 6.13 0.02 0.00 1.65 0.10 5.26 0.18 2.69 1.52
0.50 0.00 0.50 0.00 120.00 1.111 15.27 0.12 2.50 0.07 2.98 0.17 0.07 11.99 0.04 0.01 1.71 0.25 5.25 0.14 3.82 2.23
0.50 0.00 0.50 0.80 120.00 1.337 8.01 0.07 1.64 0.05 0.85 0.06 0.03 5.00 0.02 0.01 1.36 0.21 5.31 0.14 1.73 1.68
0.50 0.00 0.50 8.15 120.00 1.692 14.26 0.11 2.10 0.08 2.15 0.22 0.08 1.73 0.01 0.01 2.27 0.16 7.48 0.24 2.20 2.86
0.50 0.00 0.50 16.30 120.00 2.676 7.93 0.08 1.98 0.08 1.84 0.16 0.05 6.51 0.02 0.02 2.21 0.14 5.06 0.24 3.61 0.71
0.50 0.00 0.50 48.89 120.00 1.507 26.83 0.03 1.32 0.11 1.53 0.18 0.07 1.95 0.01 0.01 2.12 0.16 6.41 0.16 2.89 0.87
0.50 0.00 0.50 162.98 120.00 1.400 22.62 0.11 1.77 0.03 0.37 0.24 0.09 1.51 0.00 0.01 1.49 0.11 4.00 0.17 3.42 0.60
0.74 0.00 0.26 0.00 23.00 1.347 2.43 0.05 1.42 0.08 2.42 0.01 0.00 10.57 0.06 0.00 0.83 0.06 1.27 0.11 4.00 0.25
0.74 0.00 0.26 65.19 23.00 0.387 13.38 0.05 0.90 0.03 1.07 0.12 0.05 6.75 0.04 0.00 1.09 0.12 3.17 0.13 3.52 0.18
0.74 0.00 0.26 488.94 23.00 1.234 12.87 0.06 0.79 0.04 0.70 0.12 0.06 4.60 0.02 0.00 2.04 0.05 5.36 0.27 4.36 1.12
0.74 0.00 0.26 977.88 23.00 1.311 17.49 0.06 2.56 0.09 3.01 0.28 0.11 4.78 0.02 0.00 3.05 0.12 5.71 0.38 4.44 0.20
0.74 0.00 0.26 0.00 120.00 0.968 4.75 0.05 1.59 0.08 2.09 0.04 0.01 7.33 0.04 0.00 1.35 0.06 2.71 0.15 3.49 0.14
0.74 0.00 0.26 0.80 120.00 1.887 10.24 0.08 1.17 0.04 0.82 0.16 0.05 3.77 0.03 0.01 2.09 0.13 2.91 0.30 2.50 0.84
0.74 0.00 0.26 8.15 120.00 0.646 27.61 0.09 2.21 0.07 1.32 0.25 0.09 9.45 0.05 0.03 2.76 0.32 6.00 0.46 4.23 1.45
0.74 0.00 0.26 16.30 120.00 1.528 37.78 0.04 0.61 0.03 1.01 0.30 0.11 4.98 0.02 0.02 2.20 0.21 8.33 0.30 2.12 3.01
0.74 0.00 0.26 48.89 120.00 2.124 31.40 0.06 1.90 0.04 0.89 0.28 0.09 2.65 0.01 0.02 2.06 0.29 15.11 0.17 4.03 3.42
0.74 0.00 0.26 162.98 120.00 2.154 25.26 0.07 0.55 0.10 1.87 0.39 0.14 1.66 0.01 0.03 0.84 0.28 10.79 0.21 3.80 2.23
0.89 0.00 0.11 0.00 23.00 3.476 8.58 0.10 3.05 0.07 1.36 0.03 0.01 85.40 0.25 0.00 0.96 0.26 2.80 0.13 6.02 0.16
0.89 0.00 0.11 65.19 23.00 1.716 10.67 0.03 0.75 0.03 1.10 0.07 0.02 19.79 0.04 0.00 1.09 0.11 3.12 0.17 3.50 0.12
0.89 0.00 0.11 488.94 23.00 1.443 10.17 0.08 2.88 0.05 2.13 0.11 0.04 14.20 0.03 0.00 2.73 0.28 4.75 0.25 3.53 0.12
0.89 0.00 0.11 977.88 23.00 1.350 22.58 0.05 1.26 0.04 0.90 0.16 0.07 93.58 0.07 0.01 1.42 0.08 0.37 0.28 3.13 0.23
0.89 0.00 0.11 0.00 120.00 2.249 5.34 0.05 0.99 0.06 0.82 0.04 0.01 63.97 0.12 0.00 2.13 0.12 1.10 0.17 5.16 0.12
0.89 0.00 0.11 0.80 120.00 3.316 6.62 0.03 1.36 0.03 0.79 0.05 0.02 57.88 0.07 0.00 0.70 0.13 3.28 0.16 3.76 0.23
0.89 0.00 0.11 8.15 120.00 1.676 16.26 0.06 1.11 0.07 1.01 0.17 0.07 12.73 0.01 0.01 1.99 0.20 3.80 0.30 2.31 0.17
0.89 0.00 0.11 16.30 120.00 0.568 18.82 0.05 1.64 0.07 0.79 0.27 0.11 10.08 0.02 0.01 1.48 0.10 2.34 0.18 3.95 0.54
0.89 0.00 0.11 48.89 120.00 2.310 15.35 0.10 1.31 0.09 1.22 0.20 0.09 5.76 0.01 0.00 2.06 0.14 3.70 0.26 4.37 3.29
0.89 0.00 0.11 162.98 120.00 1.616 7.10 0.07 1.11 0.04 0.61 0.13 0.07 1.63 0.00 0.02 1.35 0.22 7.45 0.21 3.98 1.41
0.99 0.00 0.01 0.00 23.00 2.510 2.08 0.12 2.55 0.10 2.46 0.01 0.00 4.07 0.01 0.00 0.41 0.12 0.24 0.09 1.60 0.04
0.99 0.00 0.01 65.19 23.00 7.029 7.45 0.05 0.94 0.07 1.70 0.06 0.03 27.83 0.15 0.00 0.70 0.08 1.03 0.14 5.41 0.04
0.99 0.00 0.01 488.94 23.00 4.329 16.96 0.09 2.00 0.08 1.65 0.09 0.03 23.49 0.14 0.00 0.76 0.08 0.86 0.13 4.95 0.07
0.99 0.00 0.01 977.88 23.00 3.922 15.21 0.11 1.63 0.06 1.41 0.07 0.03 8.72 0.08 0.00 2.66 0.11 0.74 0.69 11.59 0.18
0.99 0.00 0.01 0.00 120.00 3.954 3.27 0.11 2.01 0.09 2.05 0.01 0.01 19.33 0.09 0.00 0.45 0.05 0.52 0.08 3.98 0.08
0.99 0.00 0.01 0.80 120.00 1.814 10.40 0.06 1.08 0.16 3.03 0.07 0.03 7.75 0.04 0.00 0.82 0.12 0.30 0.12 7.32 0.08
0.99 0.00 0.01 3.26 120.00 2.860 49.63 0.11 2.41 0.09 2.09 0.36 0.15 19.95 0.12 0.01 2.96 0.08 1.07 0.48 1.68 0.29
0.99 0.00 0.01 8.15 120.00 2.861 24.51 0.12 2.01 0.06 1.50 0.26 0.09 5.28 0.01 0.01 2.00 0.07 1.26 0.24 4.07 0.22
0.99 0.00 0.01 16.30 120.00 1.566 18.07 0.07 1.35 0.09 1.10 0.20 0.08 3.49 0.01 0.01 1.19 0.04 0.97 0.18 3.84 0.26
0.99 0.00 0.01 48.89 120.00 3.004 13.54 0.09 0.91 0.14 2.63 0.17 0.04 3.83 0.01 0.02 1.66 0.08 2.14 0.15 3.78 1.91
0.99 0.00 0.01 162.98 120.00 3.378 3.68 0.08 0.89 0.02 0.37 0.07 0.07 3.63 0.00 0.02 0.36 0.14 3.15 0.18 6.35 0.78  
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STANDARD DEVIATIONS R48 fiber and R200 middle fraction mixed sheets (Norway spruce 110 CSF)
Mixture Load Temperature BW Density Smoothside Roughside          In-plane ultrasonic                      Out-plane z- direction ultrasonic Tensile % strain TEA Spec Modulus Zero Span ZDT
R48 R200 P200 psi °C g/m2 g/cc LAC, m2/kg LSC, m2/kg LAC, m2/kg LSC, m2/kg E (Gpa) G(Gpa) Caliper, um v, m/sec tiffness km2/s index, Nm/g at max load J/m2 Nm/g Nm/g kN/g
0.00 1.00 0.00 0.00 23.00 0.334 3.58 0.03 0.79 0.05 1.43 0.07 0.03 3.32 0.01 0.00 1.37 0.19 12.48 0.17 2.06 0.52
0.00 1.00 0.00 65.19 23.00 0.321 4.73 0.12 2.66 0.10 1.86 0.05 0.01 4.04 0.02 0.00 2.06 0.28 6.34 0.21 8.06 0.38
0.00 1.00 0.00 488.94 23.00 0.408 12.12 0.04 0.93 0.04 1.20 0.21 0.06 4.09 0.02 0.01 2.00 0.19 4.32 0.19 2.77 1.36
0.00 1.00 0.00 977.88 23.00 0.416 22.45 0.02 0.66 0.05 1.50 0.23 0.07 2.22 0.01 0.01 1.82 0.11 1.56 0.14 3.93 1.26
0.00 1.00 0.00 0.00 120.00 1.203 21.29 0.03 1.89 0.04 1.98 0.20 0.08 7.25 0.04 0.00 1.20 0.17 4.64 0.06 1.88 0.75
0.00 1.00 0.00 0.80 120.00 0.956 2.70 0.03 0.39 0.10 0.91 0.06 0.03 4.21 0.02 0.00 2.56 0.18 6.20 0.25 5.12 0.54
0.00 1.00 0.00 8.15 120.00 1.554 9.20 0.09 1.74 0.14 2.29 0.17 0.06 2.45 0.01 0.01 2.19 0.12 2.72 0.19 3.59 1.55
0.00 1.00 0.00 16.30 120.00 1.077 13.89 0.08 1.66 0.04 0.59 0.18 0.09 1.52 0.00 0.01 2.28 0.36 11.81 0.17 4.96 0.32
0.00 1.00 0.00 48.89 120.00 0.791 17.55 0.03 0.73 0.18 2.09 0.13 0.08 1.98 0.00 0.01 2.36 0.14 6.24 0.10 2.20 0.91
0.00 1.00 0.00 162.98 120.00 0.374 14.32 0.08 1.28 0.10 1.44 0.12 0.07 0.47 0.00 0.01 2.23 0.22 8.29 0.26 5.45 0.74
0.50 0.50 0.00 0.00 23.00 0.480 1.72 0.04 1.18 0.04 1.50 0.02 0.01 8.14 0.04 0.00 0.87 0.12 1.19 0.07 3.27 0.21
0.50 0.50 0.00 65.19 23.00 0.315 7.53 0.04 0.66 0.07 1.66 0.04 0.02 2.61 0.01 0.00 1.40 0.18 5.41 0.15 2.33 0.56
0.50 0.50 0.00 488.94 23.00 0.892 13.87 0.10 2.60 0.10 3.10 0.16 0.07 4.73 0.03 0.00 2.07 0.21 5.91 0.20 1.99 0.60
0.50 0.50 0.00 977.88 23.00 1.447 42.75 0.05 0.85 0.08 1.56 0.15 0.05 7.00 0.04 0.01 2.12 0.25 8.16 0.12 4.60 1.28
0.50 0.50 0.00 0.00 120.00 1.035 9.62 0.07 1.92 0.05 1.53 0.12 0.04 10.54 0.07 0.00 0.61 0.21 4.04 0.18 6.54 0.35
0.50 0.50 0.00 0.80 120.00 2.310 21.73 0.10 2.25 0.18 2.73 0.42 0.11 9.71 0.05 0.01 2.71 0.18 4.17 0.37 3.67 0.76
0.50 0.50 0.00 8.15 120.00 0.929 14.71 0.04 0.46 0.08 1.60 0.25 0.10 3.86 0.01 0.01 2.00 0.13 4.27 0.13 2.84 0.55
0.50 0.50 0.00 16.30 120.00 0.526 7.31 0.07 1.43 0.07 1.68 0.15 0.04 3.98 0.02 0.02 2.25 0.15 6.24 0.19 7.92 1.18
0.50 0.50 0.00 48.89 120.00 0.201 9.34 0.09 1.81 0.05 1.42 0.12 0.06 1.39 0.00 0.01 2.92 0.27 10.44 0.14 5.86 0.89
0.50 0.50 0.00 162.98 120.00 0.675 19.95 0.12 1.69 0.05 0.51 0.33 0.12 1.54 0.00 0.02 2.91 0.23 0.12 7 1.34
0.75 0.25 0.00 0.00 23.00 1.335 4.29 0.10 2.21 0.06 0.84 0.03 0.01 12.58 0.07 0.00 0.89 0.14 1.96 0.10 6.25 0.10
0.75 0.25 0.00 65.19 23.00 1.822 5.03 0.07 1.63 0.09 2.05 0.06 0.05 8.21 0.05 0.00 0.63 0.13 1.69 0.06 2.63 0.18
0.75 0.25 0.00 488.94 23.00 1.197 16.18 0.03 0.64 0.07 1.52 0.09 0.03 8.54 0.05 0.00 1.97 0.11 1.91 0.23 6.28 0.21
0.75 0.25 0.00 977.88 23.00 1.021 14.33 0.04 1.21 0.06 1.05 0.31 0.08 9.13 0.05 0.00 1.06 0.23 3.76 0.25 5.18 0.50
0.75 0.25 0.00 0.00 120.00 0.440 0.83 0.07 1.11 0.04 2.18 0.01 0.01 6.84 0.04 0.00 1.03 0.24 2.70 0.14 0.97 0.11
0.75 0.25 0.00 0.80 120.00 1.691 7.65 0.07 0.91 0.06 1.10 0.24 0.03 42.28 0.21 0.00 0.96 0.07 0.74 0.11 4.75 0.37
0.75 0.25 0.00 8.15 120.00 0.964 16.30 0.12 1.64 0.05 0.81 0.11 0.04 9.54 0.03 0.00 2.12 0.12 3.64 0.23 3.50 1.27
0.75 0.25 0.00 16.30 120.00 1.394 9.21 0.02 0.62 0.06 0.74 0.14 0.06 7.01 0.03 0.01 1.56 0.07 3.46 0.13 4.33 1.68
0.75 0.25 0.00 48.89 120.00 1.428 10.91 0.21 2.73 0.16 1.92 0.32 0.15 9.94 0.03 0.03 1.68 0.30 7.07 0.38 5.11 1.88
0.75 0.25 0.00 162.98 120.00 1.090 23.56 0.07 1.07 0.10 1.36 0.17 0.09 1.48 0.00 0.02 3.82 0.13 7.27 0.35 3.18 3.16
0.90 0.10 0.00 0.00 23.00 1.496 2.70 0.06 1.43 0.05 0.72 0.01 0.01 14.42 0.38 0.01 0.40 0.16 1.73 0.07 5.36 0.12
0.90 0.10 0.00 65.19 23.00 1.160 4.15 0.04 1.08 0.05 1.27 0.02 0.01 5.44 0.03 0.00 0.70 0.07 1.39 0.15 2.67 0.03
0.90 0.10 0.00 488.94 23.00 1.122 7.68 0.02 0.98 0.05 1.16 0.08 0.03 11.93 0.07 0.00 1.07 0.18 1.61 0.20 5.19 0.12
0.90 0.10 0.00 977.88 23.00 2.455 20.99 0.06 1.36 0.06 1.13 0.15 0.06 10.21 0.07 0.01 1.36 0.06 1.47 0.24 4.74 0.11
0.90 0.10 0.00 0.00 120.00 0.813 3.91 0.05 1.18 0.05 1.39 0.07 0.02 5.99 0.05 0.00 1.06 0.08 0.87 0.08 3.49 0.07
0.90 0.10 0.00 0.80 120.00 0.968 5.76 0.03 0.58 0.04 0.42 0.02 0.01 57.55 0.30 0.00 1.37 0.15 1.77 0.23 2.20 0.10
0.90 0.10 0.00 8.15 120.00 2.383 15.72 0.07 1.15 0.05 0.80 0.14 0.05 14.42 0.07 0.01 1.67 0.19 4.47 0.12 2.10 0.27
0.90 0.10 0.00 16.30 120.00 1.005 13.15 0.06 1.78 0.05 0.83 0.25 0.09 7.06 0.03 0.00 1.77 0.14 3.66 0.10 7.17 0.16
0.90 0.10 0.00 48.89 120.00 1.031 9.63 0.07 1.06 0.08 1.05 0.15 0.04 3.12 0.01 0.01 2.09 0.07 3.54 0.38 3.12 0.49
0.90 0.10 0.00 162.98 120.00 1.150 16.20 0.04 0.95 0.09 1.37 0.26 0.09 1.38 0.00 0.01 2.71 0.20 6.86 0.32 1.11 2.88







STANDARD DEVIATIONS R48 fiber,  R200 middle and P200 fines fraction mixed sheets (Norway spruce 110 CSF)
Mixture Load Temperature BW Density Smoothside Roughside          In-plane ultrasonic                      Out-plane z- direction ultrasonic Tensile % strain TEA Spec Modulus Zero Span ZDT
R48 R200 P200 psi °C g/m2 g/cc LAC, m2/kg LSC, m2/kg LAC, m2/kg LSC, m2/kg E (Gpa) G(Gpa) Caliper, um v, m/sec tiffness km2/s index, Nm/g at max load J/m2 Nm/g Nm/g kN/g
0.00 0.33 0.67 0.00 23.00 0.254 1.97 0.09 1.42 0.05 1.01 0.01 0.01 1.20 0.01 0.00 1.85 0.13 4.56 0.18 1.60 0.41
0.00 0.33 0.67 65.19 23.00 0.244 16.25 0.10 2.02 0.07 2.03 0.18 0.07 8.28 0.02 0.00 2.11 0.28 6.46 0.11 1.01 1.54
0.00 0.33 0.67 488.94 23.00 0.541 7.20 0.06 1.52 0.07 1.45 0.04 0.01 1.21 0.01 0.00 1.98 0.24 6.19 0.17 1.45 1.02
0.00 0.33 0.67 977.88 23.00 0.340 8.84 0.12 3.29 0.08 2.24 0.11 0.04 2.81 0.01 0.00 1.89 0.12 4.12 0.20 1.87 1.20
0.00 0.33 0.67 0.00 120.00 0.441 6.94 0.12 3.47 0.11 2.65 0.09 0.03 1.04 0.01 0.01 1.57 0.12 3.26 0.18 2.83 2.68
0.00 0.33 0.67 0.80 120.00 1.989 13.94 0.08 1.25 0.13 2.56 0.23 0.06 2.52 0.01 0.01 3.31 0.04 1.55 0.37 2.62 1.34
0.00 0.33 0.67 8.15 120.00 1.269 20.78 0.11 4.14 0.19 3.49 0.28 0.11 4.72 0.01 0.01 2.98 0.12 2.45 0.23 2.04 0.63
0.00 0.33 0.67 16.30 120.00 0.518 25.32 0.11 2.40 0.29 4.29 0.36 0.15 2.51 0.01 0.01 2.87 0.08 2.68 0.24 2.08 0.56
0.00 0.33 0.67 48.89 120.00 0.210 16.92 0.15 2.03 0.24 2.57 0.09 0.05 1.48 0.00 0.00 2.86 0.10 3.68 0.26 2.50 0.81
0.00 0.33 0.67 162.98 120.00 0.365 15.51 0.14 2.51 0.29 2.88 0.09 0.07 0.98 0.00 0.01 2.65 0.17 6.16 0.08 2.10 1.36
0.00 0.67 0.33 0.00 23.00 0.378 2.52 0.04 1.04 0.10 1.53 0.02 0.01 2.40 0.01 0.00 0.82 0.14 2.09 0.25 2.08 0.82
0.00 0.67 0.33 65.19 23.00 0.407 12.06 0.05 1.59 0.08 1.59 0.09 0.04 3.22 0.02 0.00 2.25 0.28 5.94 0.29 3.35 0.84
0.00 0.67 0.33 488.94 23.00 0.189 12.89 0.06 0.94 0.04 1.02 0.10 0.03 2.49 0.01 0.00 2.38 0.13 3.55 0.20 1.46 0.55
0.00 0.67 0.33 977.88 23.00 0.395 12.66 0.06 1.82 0.05 1.40 0.13 0.06 2.50 0.01 0.01 0.88 0.32 7.43 0.25 1.09 1.60
0.00 0.67 0.33 0.00 120.00 0.174 7.37 0.32 3.57 0.21 2.50 0.10 0.03 2.65 0.01 0.00 1.34 0.11 2.65 0.13 4.21 0.96
0.00 0.67 0.33 0.80 120.00 1.486 14.04 0.06 1.53 0.11 1.35 0.12 0.04 7.26 0.03 0.01 4.37 0.14 3.31 0.31 1.08 1.51
0.00 0.67 0.33 8.15 120.00 0.296 22.86 0.16 1.29 0.09 1.59 0.33 0.11 2.79 0.01 0.01 1.27 0.05 1.11 0.15 3.60 0.32
0.00 0.67 0.33 16.30 120.00 0.355 9.58 0.07 2.33 0.12 2.50 0.22 0.06 1.51 0.00 0.00 0.90 0.17 4.63 0.19 1.59 1.55
0.00 0.67 0.33 48.89 120.00 0.400 16.26 0.19 2.48 0.14 1.78 0.12 0.06 1.12 0.00 0.02 1.86 0.09 3.52 0.24 1.99 0.74
0.00 0.67 0.33 162.98 120.00 0.428 16.34 0.24 1.76 0.07 2.08 0.30 0.05 0.73 0.00 0.01 1.85 0.42 9.29 0.26 2.96 1.02
0.25 0.25 0.50 0.00 23.00 1.035 6.46 0.16 4.63 0.22 4.22 0.04 0.02 18.55 0.08 0.01 0.80 0.20 3.01 0.19 5.20 0.44
0.25 0.25 0.50 65.19 23.00 0.304 10.24 0.13 3.65 0.07 1.32 0.06 0.02 7.92 0.03 0.00 1.51 0.05 1.22 0.28 3.34 0.34
0.25 0.25 0.50 488.94 23.00 0.467 16.56 0.07 1.93 0.23 4.91 0.16 0.07 2.69 0.01 0.00 1.34 0.37 7.98 0.23 4.46 0.84
0.25 0.25 0.50 977.88 23.00 0.762 22.96 0.10 2.29 0.12 1.91 0.18 0.07 3.38 0.01 0.01 1.42 0.27 6.57 0.15 3.21 1.15
0.25 0.25 0.50 0.00 120.00 0.910 4.71 0.12 0.90 0.06 2.02 0.07 0.02 15.09 0.05 0.01 2.83 0.12 2.96 0.17 1.64 0.43
0.25 0.25 0.50 0.80 120.00 0.679 13.69 0.24 4.58 0.11 2.62 0.05 0.03 3.58 0.01 0.01 1.15 0.18 5.84 0.19 1.69 1.39
0.25 0.25 0.50 8.15 120.00 0.521 28.39 0.32 4.72 0.18 3.25 0.13 0.04 4.70 0.01 0.02 1.26 0.15 5.02 0.17 2.84 1.79
0.25 0.25 0.50 16.30 120.00 0.334 10.27 0.09 1.24 0.15 3.56 0.22 0.08 4.10 0.01 0.01 2.08 0.18 6.10 0.15 3.45 0.56
0.25 0.25 0.50 48.89 120.00 0.462 22.14 0.10 1.40 0.21 2.92 0.25 0.06 1.04 0.00 0.02 1.19 0.16 4.60 0.28 2.39 1.04
0.25 0.25 0.50 162.98 120.00 0.918 23.72 0.17 1.85 0.18 2.12 0.31 0.16 2.20 0.00 0.02 2.76 0.09 4.32 0.07 2.47 1.15
0.38 0.38 0.25 0.00 23.00 0.635 4.47 0.10 3.76 0.10 2.77 0.07 0.02 7.43 0.04 0.00 1.47 0.31 4.92 0.19 6.98 0.40
0.38 0.38 0.25 65.19 23.00 0.804 4.99 0.07 1.84 0.11 2.76 0.05 0.01 4.15 0.02 0.00 1.76 0.22 5.03 0.28 7.12 0.53
0.38 0.38 0.25 488.94 23.00 0.417 11.87 0.03 0.53 0.09 1.47 0.12 0.06 5.61 0.03 0.01 2.84 0.27 8.72 0.46 3.15 1.54
0.38 0.38 0.25 977.88 23.00 0.477 18.49 0.07 1.30 0.07 2.21 0.04 0.02 7.42 0.03 0.01 2.19 0.30 7.92 0.37 6.44 0.20
0.38 0.38 0.25 0.00 120.00 0.556 5.59 0.12 2.88 0.14 3.14 0.04 0.01 6.06 0.02 0.00 0.74 0.19 2.08 0.16 8.59 0.54
0.38 0.38 0.25 0.80 120.00 1.465 12.30 0.13 2.39 0.06 0.90 0.11 0.03 6.18 0.02 0.00 2.28 0.06 1.58 0.39 1.56 1.18
0.38 0.38 0.25 8.15 120.00 0.879 10.98 0.07 1.21 0.10 2.18 0.11 0.05 3.85 0.01 0.01 0.74 0.16 3.86 0.12 2.52 1.05
0.38 0.38 0.25 16.30 120.00 0.200 22.49 0.15 2.10 0.06 1.11 0.26 0.08 1.72 0.01 0.01 2.11 0.17 7.20 0.23 3.40 1.38
0.38 0.38 0.25 48.89 120.00 0.677 16.20 0.10 1.95 0.10 1.51 0.14 0.05 2.55 0.01 0.05 2.19 0.15 6.55 0.34 2.12 1.94






STANDARD DEVIATIONS Whole pulp TMP (Norway spruce 110 CSF)
Mixture Load Temperature BW Density Smoothside Roughside          In-plane ultrasonic                      Out-plane z- direction ultrasonic Tensile % strain TEA Spec Modulus Zero Span ZDT
R48 R200 P200 psi °C g/m2 g/cc LAC, m2/kg LSC, m2/kg LAC, m2/kg LSC, m2/kg E (Gpa) G(Gpa) Caliper, um v, m/sec stiffness km2/s2 index, Nm/g at max load J/m2 Nm/g Nm/g kN/g
0.56 0.12 0.32 0.00 23.00 1.436 1.50 0.04 0.91 0.03 1.22 0.01 0.00 6.37 0.02 0.00 1.13 0.23 4.56 0.28 4.99 0.46
0.56 0.12 0.32 65.19 23.00 1.261 3.42 0.05 1.20 0.06 1.51 0.13 0.06 5.45 0.02 0.00 3.00 0.23 6.05 0.36 4.42 1.64
0.56 0.12 0.32 488.94 23.00 1.396 11.77 0.03 0.56 0.03 0.64 0.11 0.03 5.13 0.02 0.00 2.34 0.19 5.06 0.24 4.65 2.36
0.56 0.12 0.32 977.88 23.00 0.644 9.73 0.04 1.30 0.07 2.08 0.16 0.04 2.59 0.01 0.00 1.68 0.15 3.53 0.32 5.52 1.46
0.56 0.12 0.32 0.00 120.00 0.816 2.82 0.04 0.22 0.07 0.74 0.02 0.01 4.08 0.02 0.00 0.40 0.14 2.20 0.09 5.81 0.28
0.56 0.12 0.32 0.80 120.00 0.838 8.94 0.09 1.33 0.07 1.18 0.11 0.04 6.66 0.03 0.01 2.09 0.16 4.89 0.19 2.00 0.74
0.56 0.12 0.32 8.15 120.00 0.717 12.51 0.13 2.47 0.04 1.08 0.14 0.04 3.44 0.01 0.01 2.81 0.20 8.12 0.26 2.59 2.03
0.56 0.12 0.32 16.30 120.00 0.662 17.26 0.10 2.53 0.07 1.85 0.21 0.06 3.80 0.01 0.02 1.46 0.09 4.19 0.32 2.90 2.76
0.56 0.12 0.32 48.89 120.00 0.557 8.47 0.16 2.54 0.09 1.72 0.11 0.05 2.23 0.00 0.02 4.57 0.25 13.15 0.57 7.01 1.04
0.56 0.12 0.32 162.98 120.00 0.951 16.55 0.09 1.05 0.09 1.05 0.24 0.10 0.97 0.00 0.02 3.41 0.18 6.01 0.59 6.17 0.42
0.56 0.12 0.32 162.98 23.00 1.208 12.30 0.04 1.04 0.07 2.73 0.11 0.04 5.01 0.02 0.00 1.62 0.12 4.13 0.23 5.94 1.08
0.56 0.12 0.32 325.96 120.00 0.587 8.33 0.08 0.74 0.03 0.58 0.14 0.05 1.20 0.00 0.01 3.07 0.19 8.92 0.49 5.38 0.92





























Pressing @ 50% Relative Humidity @ 68% Relative Humidity
Mixture Load Temperature Britt jar fines FQA BW Density LAC LSC In-plane ultrasonic Tensile % Strain at TEA Aut Young Spec Modulus Zero Span Tensile % Strain at TEA Spec Modulus
R48/P200 psi °C % FL, mm g/m
2
g/cc m
2/kg m2/kg E(Gpa) G(Gpa) index, Nm/g max. Load J/m2 N/mm kNm/g Nm/g index, Nm/g Max. Load J/m2 kNm/g
0/100 0.00 23 100.00 0.10 70.43 334.57 1.92 93.62 1.35 0.54 34.98 2.32 38.05 201.99 2.87 51.97
0/100 488.94 23 100.00 0.10 71.00 608.56 1.89 75.96 3.30 1.32 43.47 2.25 46.87 269.64 3.80 55.62
0/100 651.92 23 100.00 0.10 70.69 635.64 2.05 78.19 3.51 1.40
0/100 0.98 120 100.00 0.10 69.56 464.21 2.44 63.21 2.62 1.01 47.58 1.63 33.30 306.89 4.42 56.45
0/100 48.89 120 100.00 0.10 69.74 852.78 2.52 43.50 6.43 2.39 48.96 1.59 33.92 332.52 4.76 57.55 49.76 1.65 36.63 4.92
50/50 0.00 23 50.55 0.79 70.00 280.61 1.74 64.11 1.23 0.48 33.81 2.27 35.76 206.42 2.94 72.77
50/50 488.94 23 50.55 0.79 69.95 525.05 1.70 56.55 3.09 1.20 46.95 2.33 53.46 306.13 4.37 76.69
50/50 0.98 120 50.55 0.79 67.94 416.42 1.98 46.41 2.48 0.96 46.67 1.80 36.70 295.93 4.36 75.25
50/50 48.89 120 50.55 0.79 69.10 742.44 2.08 31.83 6.08 2.38 60.14 1.87 51.44 403.15 5.83 80.97 57.74 2.05 55.37 5.64
100/0 0.00 23 2.36 1.46 70.51 149.93 1.09 28.53 0.36 0.14 7.22 1.06 4.13 65.54 0.93 91.53
100/0 488.94 23 2.36 1.46 67.72 273.04 1.04 28.70 0.96 0.40 12.70 1.03 5.79 115.45 1.71 88.84
100/0 651.92 23 2.36 1.46 69.93 322.73 1.06 28.13 1.33 0.53
100/0 0.98 120 2.36 1.46 65.24 333.80 1.52 27.25 1.61 0.62 20.94 0.92 7.56 209.27 3.22 94.78
100/0 48.89 120 2.36 1.46 67.13 639.37 1.42 20.06 4.87 1.94 35.33 1.24 19.13 332.45 4.95 103.74 36.09 1.29 20.63 5.14
75/25 0.00 23 26.92 1.12 69.36 241.43 1.66 52.97 1.03 0.40 29.33 2.10 28.16 181.31 2.61 77.78
75/25 488.94 23 26.92 1.12 70.92 494.10 1.61 47.41 3.15 1.22 47.07 2.62 62.26 300.71 4.24 83.01
75/25 0.98 120 26.92 1.12 71.09 404.06 1.84 39.03 48.56 2.19 51.02 306.37 4.31 81.02
75/25 48.89 120 26.92 1.12 70.15 743.91 1.86 26.49 6.67 2.59 66.93 2.31 74.67 429.99 6.13 93.97 63.44 2.42 75.45 6.08
25/75 0.00 23 80.16 0.38 69.03 310.51 2.32 84.21 1.35 0.53 30.96 2.03 28.37 193.40 2.80 56.25
25/75 488.94 23 80.16 0.38 68.51 528.84 2.30 68.06 2.81 1.13 40.70 2.47 47.35 251.57 3.67 61.51
25/75 0.98 120 80.16 0.38 69.64 566.32 2.73 51.01 3.84 1.46 49.83 1.47 31.48 341.62 4.90 64.36


































































































































































Physical properties of mixed sheets with brominated fines (P200) 
 
 Pressing Basis Caliper Density Scattering Absorption
Fines % force, psi 
weight, 





13.06 0.0 64.34 0.3629 177.29 38.09 3.17 
13.98 50.9 65.02 0.1691 384.52 36.87 3.60 
12.85 339.4 64.18 0.1424 450.71 35.71 3.75 
12.56 1187.9 63.97 0.1018 628.39 26.86 3.28 
12.89 1.7 63.86 0.1503 424.92 27.39 4.71 
10.00 8.5 61.81 0.1117 553.39 27.70 5.39 
11.14 17.0 62.60 0.0886 706.57 24.66 5.27 
10.38 33.9 62.08 0.0749 828.79 23.46 4.77 
12.10 67.9 63.29 0.0713 887.60 19.33 3.76 
28.14 0.0 61.60 0.2628 234.41 43.34 4.17 
28.01 50.9 61.50 0.1315 467.66 34.85 4.21 
28.56 339.4 61.97 0.0934 663.50 31.86 4.31 
28.80 1187.9 62.18 0.0797 780.19 21.95 3.87 
30.62 1.7 63.39 0.1194 530.92 26.93 5.89 
31.92 8.5 64.60 0.0894 722.61 25.68 8.00 
26.27 17.0 59.66 0.0749 796.48 23.46 5.62 
26.60 33.9 59.92 0.0614 975.89 17.33 4.65 
44.10 0.0 59.39 0.1813 327.60 41.84 6.70 
44.54 50.9 59.87 0.1036 577.86 40.62 6.54 
44.78 339.4 60.13 0.0744 808.20 30.02 5.53 
46.06 1187.9 61.55 0.0678 907.82 27.91 5.82 
45.51 1.7 60.60 0.0922 657.30 30.43 8.42 
46.07 8.5 61.23 0.0759 806.78 29.12 7.87 
45.46 17.0 60.55 0.0680 890.45 25.61 8.07 
46.30 33.9 61.50 0.0604 1018.17 19.98 7.12 
 
 
 
 
 
 
 
 
 
 
